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Abstract 
Keeping in mind tlie scarcity of available water resources versus its demand in 
the near future, it has become imperative on the part of water scientists and planners 
to adopt techniques for quantifying the available water resources for sustainable 
development and management. As more and more surface water bodies are getting 
polluted especially in fast developing global economies like India due to the rapid 
urbanization as well as lack of awareness, attention has been diverted towards the 
available groundwater resources. 
The apparent heterogeneities and complexities present in the hard rock 
aquifers makes it a challenging research to tackle groundwater problems. The 
intricacy increases manifold for the management of groundwater when the hard rock 
aquifers are situated in arid or semi-arid regions. Thus groundwater management 
becomes utmost important in areas of hard rock aquifers with semi-arid climates as 
the entire stress is put on the groundwater due to absence of perennial source of 
surface water. Groundwater has another advantage of its availability almost 
everywhere as more or less all the geological formations have some space 
containing groundwater. The demand supply gap has led to the over abstraction of 
the groundwater and water level depletion in many areas beyond economic 
exploitation. 
Geological formation that can store as well as transmit water to yield sufficient 
quantities of water to wells and springs are termed as aquifer. Thus the two main 
properties which can make any geological formation, a potential aquifer, is the 
presence of porosity and permeability. In alluvial and soft rock formations these 
properties are quite evenly distributed and the flow mechanisms are simple and have 
been quite well understood. The characterization of the hard rock aquifers however 
poses a challenging problem. The heterogeneities associated with the distribution of 
porosity and permeability makes it extremely difficult to predict the flow path using 
the conventional methods applicable to homogeneous aquifer. Aquifer parameter 
estimation using such approach often results in unrealistic values thus over 
estimating and in some cases even under estimating the aquifer potential. 
The availability of water in hard rocl^ s is attributed to the development of 
secondary porosity. Weathering plays an important role in this. In India so far no 
serious attempts were made to link the hydrogeological behavior of the aquifer with 
the weathering process. 
The present work has been carried out in the Maheshwaram watershed which 
is situated about 35 km south of Hyderabad in the Rangareddy district of Andhra 
Pradesh India. The watershed has an area of 53 km^ and is a true representative of 
an over exploited crystalline-rock watershed in a typical rural Indian setting with semi-
arid climatic conditions. The study area is highly over-exploited but free from 
industrial pollution. Therefore, to tackle the groundwater problems systematically, the 
research has been focused on fully understanding the aquifer system both in terms of 
structure and functioning, characterize the flow parameters and prepare as well as 
analyze the groundwater balance for a long term and sustainable management of 
groundwater in the study area and approaches developed could be applied to other 
similar regions. Geologically the watershed comprises of Archean granites which 
forms a part of the Peninsular Gneissic Complex of the Eastern Dharwar craton. 
Structural features in the form of Quartz veins and dolerites are often seen cutting 
across these granites. 
Detailed investigations using geological methods of mapping the structures, 
mineral distribution etc and an exhaustive mapping of weathering profile clubbed with 
the geophysical investigations available have provided a clear and comprehensive 
conceptualization of the aquifer system in the study area as well as in such a region. 
The approach involves mapping of the different layers (result of the weathering 
processes) of granitic rocks. It has been well established that weathering follows the 
same pattern in granitic and metamorphic terrains. From top to bottom any hard rock 
area covered by igneous or metamorphic rocks may be divided into the saprolites, 
fissured zone and the fresh basement. The fissured zone which lies in between the 
weathered saprolite and the fresh basement is found to be the most productive zone 
in such areas. The mapping of this layer has helped in the estimation of the aquifer 
thickness on a regional scale. Such kind of study will definitely help in determining 
the maximum resource limit up to which groundwater abstraction can be made and 
also helping in planning and decision making. Mapping the different zones of 
weathering will also help in the preparation of the aquifer vulnerability map. Greater 
thickness of the saprolite and fissured layers generally makes potential aquifer zones 
and vice versa. Thus mapping these zones on a regional scale will help in protecting 
the areas with a thin weathering cover from over exploitation. 
Apart from these, the thickness of the different zones are very important for 
the groundwater flow modelling in hard rock terrains and the aquifer parameter and 
the height of the different level above the mean sea level are very important for 
calculating the inflows and out flows across the watershed boundaries during water 
balance calculations. 
Mapping of the weathering profile in the Maheshwaram watershed has also 
revealed important information which shows that the Maheshwaram weathering 
profile is a result of a multi-phase weathering process where the earlier profile has 
been obliterated due to subsequent erosion and a new weathering profile has been 
superimposed on the existing partially eroded weathering profile. 
A major part of the work is devoted on the analysis of various methods both 
classical and modern available to interpret various types of the hydraulic tests in such 
an aquifer system. The applicability of different methods has been verified and 
specific methods of evaluating aquifer parameters in such aquifers are established. A 
large variety of hydraulic tests have been carried out that includes Specific capacity 
tests, slug tests, pumping tests of long as well as short durations, injection tests, to 
determine the hydraulic properties and their distribution as well as variability. 
No single universal method exists for the analysis of pumping tests data in 
fractured rocks. Application of a number of methods depending upon the behaviour 
of the time drawdown curve during pumping tests helps in getting the realistic values. 
Depending on the model used for determination, the aquifer geometry can be 
conceptualized. However, the procedure adopted to have a conceptual geological 
model is often time taking and the presence of limits or boundary conditions are often 
not noticeable in the drawdown versus time data. 
in the recent times a set of modern interpretation technique has been 
developed in the oil industry. These techniques are mainly characterized by 
computerized methods and by a standard methodology which involves two 
systematic steps. (1) Model identification and (2) Parameter identification. The model 
identification involves the determination of the conceptual model. This is facilitated by 
the plot of logarithmic derivative together with the drawdown as a function of time on 
a logarithmic scale. 
These modern techniques have been applied in the present study for the 
interpretation of long duration pumping tests and have given very realistic values of 
the aquifer parameter as well as the aquifer geometry. 
Groundwater management has been the key issue for most of the problems 
related to water resources in the semi-arid areas with over exploited aquifers. In spite 
of several types of artificial recharge structures, the water level decline continues and 
it has become imperative to consider analyzing the demand of groundwater. This 
needs to evaluate each and every component of the groundwater and prepare a 
meaningful groundwater balance. 
With the eventual objective of the groundwater management in the area global 
water balance and budget have been prepared. For this exercise, all the components 
involved in the water balance belonging to both surface and subsurface were 
established and defined. All components have been estimated using most of the 
information available and attempts have been made to avoid ad-hoc assumptions 
that hitherto used in the existing methodologies of the estimations. For example, the 
rainfall recharge to aquifer has been estimated using various methods and 
particularly dividing the water cycle into two different seasons using the monsoon 
nature of rainfall prevailing in India. This method ensures the removal of uncertainties 
and errors in the estimation of the Specific yields. The groundwater draft/withdrawal 
has been estimated by a number of approaches including land-use map obtained 
from the satellite data as well as the ground information by cent percent well 
inventories and also the crop requirement information. Evaporation and Irrigation 
return flows were estimated using latest approaches. 
A unique part of this study has been the use of exhaustive piezometric survey 
for groundwater levels in the aquifer. But since the groundwater levels are time 
varying, a new methodology was developed to obtain the number and location of 
optimal piezometric network with the help of Geostatistical techniques. The optimal 
nature of the network determined from the new approach has been tested not only on 
the variation of the piezometric levels but also on the value of the Specific yield as 
well as the groundwater balance. The approach has been tested for a fairly long 
period of three hydrological cycles. 
The development of methods and estimation of various water balance 
components will be crucial input to the numerical model for the aquifer as a predictive 
tool and also are used in designing an important tool viz.. Decision support Tool 
(DST) that on one hand is useful to the decision makers for planning and on the other 
hand provide the farmers a detailed knowledge of the system behaviors following 
their farming practices that helps introducing any change required for sustainable 
management of the groundwater resources. The entire work has provided sufficient 
light on the hydrogeological systems and the geological structural control on them 
that help in conceptualizing the flow regime in such a system in the hard rock terrene. 
Then estimation of water balance through an optimal piezometric network makes this 
exercise cost-effective as it has to be carried out at frequent interval of time and at 
the same time reliable estimates are made using the specific methods developed. 
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1 Introduction 
Water is the elixir of life and is crucial for sustainable development, including 
the preservation of our natural environment and the alleviation of poverty and hunger. 
Water is indispensable for human health and well being. 
Water takes many different shapes on earth: water vapor and clouds in the 
sky, waves and icebergs in the sea, glaciers in the mountain, aquifers in the ground, 
to name but a few. Through evaporation, precipitation, and runoff, water is 
continuously flowing from one form to another, in what is called the water cycle. 
Because of the importance of precipitation to agriculture, and to mankind in 
general, different names are given to its various forms: while rain is common in most 
countries, other phenomena are quite surprising when seen for the first time. Hail, 
snow, fog or dew are examples. 
Similarly, water runoffs have played major roles in human history as rivers and 
irrigation brought the water needed for agriculture. Rivers and seas offered 
opportunity for travel and commerce. Through erosion, runoffs played a major part in 
shaping the environment providing river valleys and deltas which provide rich soil and 
level ground for the establishment of population centers. 
Water also infiltrates the ground and goes into aquifers. This groundwater later 
flows back to the surface in springs or more spectacularly in hot springs and geysers. 
Groundwater is also extracted artificially in wells. 
Since water can contain many different substances, it can taste or smell very 
differently. In fact, humans and other animals have developed their senses to be able 
to evaluate the drinkability of water: animals generally dislike the taste of salty sea 
water and the putrid swamps and favor the purer water of a mountain spring or 
aquifer. (http://en.wikipedia.orq/wiki/Water) 
1.1 The Hydrological Cycle elaborating groundwater components 
The continuous movement of water between the atmosphere, lithosphere and 
the oceanosphere is termed as the hydrological cycle. This movement of water is an 
essential process that helps sustain life on earth. As the water evaporates, vapors 
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rise and cx)ndense into clouds. Tiie clouds move over the land, and precipitation falls 
in the form of rain, ice or snow. The water fills streams and rivers, and eventually 
flows back into the oceans where evaporation starts the process anew. See figure 1-
1. A portion of this water infiltrates the soil and is know as the subsurface water but 
not all the water percolates down the water table to be termed as groundwater. 
Three things can happen basically. In the first case water may be pulled back 
to the surface by the capillary forces and evaporate to the atmosphere. Secondly it 
can be absorbed by the plant roots present in the soil and then re-enter the 
atmosphere by transpiration and lastly some water which may have percolated deep 
enough can be pulled downwards by the forces of gravity until it reaches the zone of 
saturation and becomes a part of the groundwater reservoir that supplies water to 
wells. After joining the body of groundwater it continues to flow horizontally following 
the hydraulic gradient through the pores of saturated subsurface formations and may 
reappear at the surface in areas at lower elevation from where it entered the 
groundwater reservoir. Groundwater discharges naturally at such places in the form 
of springs and seeps which maintain the flow of streams during dry period. The 
streams carrying both surface runoff and natural groundwater discharge, eventually 
joins the ocean and the cycle continues. 
Figure 1-2 illustrates the sub surface distribution of groundwater. The 
subsurface occurrence of groundwater can be classified into the unsaturated and 
saturated zone. The unsaturated zone also sometimes known as the zone of aeration 
has been subdivided into three parts. 
• Soil Water Zone: This zone extends downward through the major root zone 
and its thickness depends on the vegetation and soil characteristics. The 
amount of water present in the soil water zone is a function of the soils 
exposure to moisture. 
• Vadose Zone: It lies in between the soil water zone and the capillary zone. 
This zone primarily serves the purpose of connecting the zone near ground 
surface to the zone near the water table. Non moving vadose water is held in 
place by hygroscopic and capillary forces. Excess of water which may be 
present migrates downward as gravitational water. 
• Capillary fringe: This zone extends from the water table to the limit of capillary 
rise of water. Thickness of the capillary zone is inversely related to the pore 
size of the soil or rock. 
The unsaturated zone is also called the zone of aeration as the pores are 
partly filled with air and partly with water. In the zone of saturation all the available 
pore spaces are filled with water. The upper limit of this zone of saturation is termed 
as the water table. 
1.2 Global Groundwater Scenario 
There has been an exponential increase in the human population and one 
question which has been asked frequently in the recent times is that will there be 
enough food to sustain 8 or 10 billion people, but it appears that it will be water that 
will hamper the food production in the coming years. Water was considered to be a 
limitless natural resource but during the past 20 years or so there has been a 
tremendous pressure on this precious natural resource mainly from the rapid 
industrialization and urbanization coupled with the advanced agricultural techniques 
which rely more and more on artificial irrigation. 
It is believed that water related issues will be the most serious problem of the 21^' 
century weather it concerns environment or cities, health or sanitation, food industry 
or energy production. 
Water development underpins food security, people's livelihood, industrial 
growth and environmental sustainability throughout the globe. In 1995 about 3906 
cubic kilometres of water was extracted for these purpose and it is expected that by 
2025 the volume of water extracted for domestic, livestock and industrial use will 
increase by about fifty percent. This will affect the amount of groundwater available 
for irrigation purposes which increase by only four percent thus restricting the 
agricultural yields and stabilizing the food production and prices. An increase in the 
human population will simply result in increasing the demand for irrigation purpose to 
meet food production requirements. Though the advancement in agricultural 
technique has been impressive but in many regions poor irrigation management has 
resulted in a considerable depletion of the groundwater table, damaged soils and 
reduced the water quality. 
The availability of water and food in the coming future is highly uncertain. One 
of the uncontrollable factors in this context is the weather; however there are other 
critical factors, which can be influenced by the collective decision of the human 
population. These factors may include income and population growth, investment in 
water infrastructure, reform in water management and technological changes in 
agricultural pattern. 
Chapter 18 of Agenda 21 (UN, 1992), adopted at the Earth Summit in Rio de 
Janeiro, defined the overall goal of water policy developments: "Water is needed in 
all aspects of life. The general objective is to make certain that adequate supplies of 
water of good quality are maintained for the entire population of this planet, while 
preserving the hydrological, biological and chemical functions of ecosystems, 
adapting human activities within the capacity limits of nature and combating vectors 
of water related diseases." 
Water is vital for life and we are all aware of its importance for drinking, for 
agriculture, for washing. A great volume of water is used for producing industrial 
products, for power generation, and for moving people and goods - all of which are 
important for the functioning of a modern, developed society. Water is required for 
the integrity and the sustainability of the Earth's ecosystem. Earlier availability of 
water was taken for granted, but its uncontrolled usage and over exploitation has led 
to a situation where the access and availability of freshwater has been highlighted as 
the most critical natural resource issue facing the world 
The UN environmental report GEO 2000 (UNEP, 2000) states that global 
water shortage represents a full scale emergency, where 'the world water cycle 
seems unlikely to be able to adapt to the demands that will be made of it in the 
coming decades' (UNEP, 1999). Similarly, the World Wide Fund for Nature (WWF) 
emphasizes that 'freshwater is essential to human health, agriculture, industry and 
natural ecosystems, but is now running scarce in many regions of the world' (WWF, 
1998). 
Access to safe drinking water and sanitation is critical to maintain health, 
particularly for children but more than one billion people across the globe lack access 
to safe drinking water to meet minimum level of health. Although the amount of water 
required for industrial and domestic use is far less than that required by agriculture, 
the use of water in these sector is on a rise. Globally the water extraction for 
industrial and domestic purpose increased four fold between 1995 and 2005 as 
compared to the agricultural demand which increased only twice during this period. 
Water is integrally linked to the health of the environment. Water is vital to the 
survival of ecosystems and the plants and animals that live in them and in turn eco 
systems helps to regulate the quantity and quality of water. Wetlands retain water 
during high rainfall, release it during dry periods and purify it of many pollutants. 
Forest reduces erosion and sedimentation of rivers and recharge groundwater. The 
important role played by reserving water for environmental purposes have been 
recognized only recently. 
In general water resource is considered to be renewable except for some 
groundwater but only within certain limits as generally water flows through the 
catchment that are more or less self contained. The availability of water shows wide 
variation in time and space with wide differences in its availability in different parts of 
the world as well as wide differences in the seasonal and annual precipitation at 
many places. Most of the efforts aim to overcome this variability and reduce the 
unpredictability of the water resource flows. 
As the world population continues to expand and climate change alters the 
hydrology of river basins as many as 7 billion people in 60 countries could face water 
scarcity by 2050 if action is not taken on time. (Campbell, 2003) Globally, between 
12.5 and 14 billion cubic meters of water are available for human use on an annual 
basis. In 1989, this amount equaled about 9,000 cubic meters per person per year 
and by 2000 had dropped to around 7,800 cubic meters per person. In 2025 the 
amount of water per capita is expected to fall to 5,100 cubic meters per person as the 
world's population grows from 6 billion to over 8 billion. 
Groundwater is a critical component of the nation's water resources. Surface 
water supplies appear to be meager when compared with groundwater. 
Approximately 25 percent of the earth's total fresh water supply is stored as 
groundwater, while less than 1% is stored in surface water resources, such as rivers, 
lakes, and soil moisture. The rest of the freshwater supply is locked away in polar ice 
and glaciers. Figure 1-3 represents the distribution of water on the Earths surface. 
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Some facts related to the availability of freshwater: 
• In the recent times there has been a rapid increase in the water demand, 
tripling worldwide between 1950 and 1990. Many fear that the resource is 
undervalued and wasted in parts of the world. (The New Yorker, April 8, 2002) 
• Global demand for water doubles every year, which is twice as fast as the 
human, population grows, (http://www.unicef.orq/wwd98/papers/iaea.htm) 
• Nearly 1.2 billion people in developing countries lack access to safe sources 
of water and 2.4 billion are without access to adequate sanitation services 
• Following current trends, by 2025 the demand for fresh water is expected to 
rise by 56 percent more than is currently available. 
• On a global average, most freshwater withdrawals - 69% - are used for 
agriculture, while industry accounts for 23% and municipal use (drinking water, 
bathing and cleaning, and watering plants and grass) just 8%.( 
http://www.nps.qov/rivers/waterfacts.html) 
• According to the research conducted by the International Food Policy 
Research Institute (http://www.ifpri.org/media/water summaries.htm) if the 
water consumption is continued at the same rate as it is today then by 2025 
household water use will increase by 71 percent of which more than 90 
percent will be in the developing nations. According to their estimate a major 
shift in the industrial usage of water will take place with the industrial water 
demand in the developing nation exceeding those of the developed ones and 
the water scarcity will also result in a shift in the agriculture patterns with the 
developing nations relying heavily on food grain imports. In the sub-Saharan 
Africa alone the food imports will be more than triple by 2025. 
The Fourth World Water Forum which was held in Mexico in March 2006 
which is a part of the ongoing International Decade for Action, 'Water for Life' (2005-
2015). A number of important issues related to the availability of safe and fresh water 
to all were covered in this forum. The mayors and the selected representatives from 
around the world who gathered on this occasion identified the following principles. 
(Final Report, 4'^ World Water Forum, 2006) 
• Fresh water is a scarce and endangered resource, which is crucial for life, 
development and the environment, is a common property belonging to the 
whole of mankind. 
• All human beings have the right to access water both in terms of quality and 
quantity to fulfill their essential needs including sanitation which is a key factor 
for human health and preservation of the eco systems. 
• Each individual's right to water, and their usage of it, should be exercised with 
respect for the needs of present and future generations. 
• Women play a pivotal role in development, and particularly in the supply, 
management and conservation of water. 
• Over the past few years the quantity and quality of water have declined 
significantly due to individual and collective behavior that is detrimental to the 
sustainable management of this natural resource. 
• One in four people on the globe do not have the access to water in sufficient 
quantity and quality and one in two do not have an adequate sanitation 
system. Water-borne diseases are the greatest cause of infant mortality 
around the world. 
• Unhealthy living environments, increase in desertification and rapid 
urbanization and the increase in the frequency of droughts, floods and 
cyclones due to the global climate change, have an impact on the quantity and 
quality of water resources. 
The United Nations Millennium Development Goals propose to reduce by half 
the proportion of people without sustainable access to safe drinking water by 
2015.This was identified as the main target by the participating bodies at the forum. 
Various key players, which could directly contribute in achieving this millennium goal, 
were identified at the forum. They include 
• Empowering the local authorities, which play a fundamental role in the 
management of water resources and in the organization of public water and 
sanitation services. The local authorities should be given the liberty to choose 
between various management models. 
• The utilization and management of water should be participative and involve 
users, planners and decision makers at all levels. Local leaders should ensure 
the close link with the citizen and actors at each level. 
Apart from these the 2"'' UN Water Development Report 2006, is also 
available which highlights the major problem related to the availability of fresh water. 
It presents a very comprehensive picture of the available freshwater resources in all 
the regions and covers most of the countries as it tracks the progress towards the 
water-related targets of the UN. Figure 1-5 shows the major ground water regions of 
the world. 
Millennium Development goals and examines a number of vital issues 
including population growth and the increasing urbanization, changing eco-systems, 
food production, health, industry and energy, as well as risk management, valuing 
and paying for water and increasing knowledge and capacity building. 
The report also outlines a set of recommendation and conclusion to guide future 
action and encourage sustainable use, productivity and management of our 
increasing scarce fresh water resources, (http://www.unesco.orq/water/wwap/wwdr2/) 
1.3 Groundwater Scenario in India 
India is a vast country having diversified geological climatological and 
topographic set-up, giving rise to divergent groundwater situations in different parts of 
the country. The prevalent rock formations, ranging in age from Archaean to Recent, 
which control the occurrence and movement of groundwater, are widely varied in 
composition and structure. Similarly, not too insignificant, are the variations of land 
forms, from the rugged mountainous terrains of the Himalayasi Eastern and Western 
Ghats to the flat alluvial plains of the river valleys and coastal tracts, and the aeolian 
deserts of Rajasthan. The rainfall pattern too shows similar region-wise variation. The 
topography and rainfall virtually control runoff and groundwater recharge. 
The high relief areas of the northern and north-eastern regions occupied by 
the Himalayan ranges, the hilly tracts of Rajasthan and peninsular regions with steep 
topographic slope, and characteristic geological set-up offer high run-off and little 
scope for rain water infiltration. 
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The large alluvial tract in the Sindhu Ganga - Brahmaputra plains extending 
over a distance of 2000 kms from Punjab in the west to Assam in the east, 
constitutes one of the largest and most potential groundwater reservoirs in the world. 
(Figure 1-5) The aquifer systems are extensive, thicl<, hydraulically interconnected 
and moderate to high yielding. To the north of this tract all along the Himalayan foot 
hills, occur the linear belt of Bhabar piedmont deposits, and the Tarai belt down slope 
with characteristic auto flowing conditions. 
Almost the entire Peninsular India is occupied by a variety of hard and fissured 
formations, including crystalline, trappean basalt and consolidated sedimentaries 
(including carbonate rocks), with patches of semi-consolidated sediments in narrow 
intra cratonic basins. Rugged topography, compact and fissured nature of the rock 
formations combine to give rise to discontinuous aquifers, with limited to moderate 
yield potentials. The near surface weathered mantle forms the all important 
groundwater reservoir, and the source for circulation of groundwater through the 
underlying fracture systems. In the hard rock terrain, deep weathered pediments, 
low-lying valleys and abandoned river channels, generally contain adequate 
thickness of porous material, to sustain groundwater development under favorable 
hydro meteorological conditions. Generally, the potential water saturated fracture 
systems occurs down to 100 m depth, and in cases yield even upto 30 Liters per 
Second (Lps). The friable semi consolidated sandstones also form moderate yielding 
aquifers, and auto flowing zones in these formations are not uncommon. 
The coastal and deltaic tracts in the country form a narrow linear strip around 
the peninsula. The eastern coastal and deltaic tract and the estuarine areas of 
Gujarat are receptacles of thick alluvial sediments. Though highly productive aquifers 
occur in these, tracts salinity hazards impose quality constraints for groundwater 
development. In this terrain groundwater withdrawal requires to be regulated so as 
not to exceed annual recharge and not to disturb hydro-chemical balance leading to 
sea water ingress. 
The quality of groundwater in both hard rock and alluvial terrains is by and 
large fresh and suitable for ail uses. The specific conductance is generally less than 
1000 us/cm at 25 °C. But in coastal areas, estuarine tracts of Gujarat, Rann of Kutch 
and arid tracts of Rajasthan, the degree of mineralization in groundwater is rather 
high and salinity hazards are not uncommon. The salinity hazards in groundwater are 
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also noticed in tlie inland areas of Punjab, Haryana, Uttar Pradesh, Rajasthan and 
Gujarat, generally confined to arid and semi-arid tracts. 
The varied modes of groundwater occurrence in the country may be broadly 
summarized as: 
a) Porous formations comprising unconsolidated and semi consolidated sediments. 
Aquifers are interconnected, often extensive, both continuous and discontinuous; 
having moderate to very high yield potentials. 
b) Consolidated and fissured formations. Aquifers are discontinuous; Limited yield 
potentials. 
India is the oldest civilization on the earth with a population of more than one 
billion. It occupies an area of 329 million hectares. Though India occupies only two 
percent of the total land surface available; it is home to about fifteen percent of the 
earth's population. 
The climatic conditions of India are unique in the sense that the country has a 
distinct rainy season starting from June to October. It is estimated that the annual 
rainfall in India is about 400 million-hectare meters. However less than twenty 
percent of it is utilized, the remaining reaches the sea or it evaporates. Although 
there is plenty of water but still many areas in the country remain drought prone. Due 
to improper planning of water conservation today, India is ranked 122 out of 130 
nations in terms of water quality and 132 out of 180 nations in terms of water 
availability.(Tikoo, 2003) 
Traditionally, India depended on monsoons to meet its fresh water 
requirements but over the years due to the increasing population and the resulting 
demand for an increase in food grain production and domestic water supplies, 
groundwater has been extensively used. This has reduced the country's dependence 
on monsoons but at the same time has resulted in depletion of groundwater. In 
several areas of the country like Delhi, parts of Uttar Pradesh, Karnataka, 
Maharashtra, Tamil Nadu and Andhra Pradesh groundwater levels are perilously low. 
Figure 1-6 shows the major river basins of India. 
Groundwater is the backbone of irrigated agriculture and produces more 
wealth than any other irrigation source. In India the use of groundwater has become 
very intensive in the last 30 years, a consequence of the green revolution in the 
1970's. 
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Groundwater irrigation depends more on the demand for timely and reliable 
irrigation in area with high population densities, rather than the supply. This has 
resulted in an unsustainable pattern of groundwater use, where extraction of 
groundwater has exceeded annual renewable recharge. Groundwater is a so-called 
"democratic resource" in the sense that individual farmers have access to it, unlike 
surface irrigation sources like canal irrigation, which is controlled by state. Three 
problems are dominant in groundwater scenario: depletion, salinization and pollution 
and these have far-reaching socio-economic and environmental consequences. 
The increasing population and rapid industrialization and development has 
resulted in the over exploitation, water pollution and degradation of the natural 
environment in India. Once considered to be a land of holy rivers, India is fast 
becoming a land of highly polluted river thus the sustainable water management in 
India is becoming an obligation. Inefficient government policies and subsidies have 
further aggravated the use of the available water resources in the recent times. 
The average annual rainfall of India is around 114 cm. The average annual 
recharge from rainfall and seepage from irrigation canals is about 67 million-hectare 
meters of which 40 percent is extracted economically and another 20 percent is 
available for exploitation and utilization but has an extremely inhomogeneous 
distribution. 
The statistics for India are even more alarming. India is at present the second 
most populated nation on earth and its population is expected to surpass that of 
China by 2025. The per capita availability of water in India has come down to half in 
2000 as compared to the 1950's. Water demand in India is expected to increase to 
1050 BCM by 2025. It is only possible if all the possible resources available are 
utilized (World Bank, 1999). According to the present water usage in the country 
about 92 percent is devoted to agriculture, 3 percent for industry and the remaining 5 
percent for domestic purpose. (WRI, 2000). Demand for the industrial and domestic 
sector is likely to increase with the extensive urbanization and industrialization. 
The per capita availability of fresh water in India has decreased from 5000 
cubic meters per year to about 2500 cubic meters per person per year in 2005. This 
figure is further expected to come down to about 1500 cubic meters per person by 
2025 which is significantly below the water stress limits. 6 of India's 20 river basins 
already fall below the water scarcity threshold limit of 1000 cubic meters of water per 
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year and 5 more river basins will be added within the next three decades. (World 
Bank, 1999) 
Estimates of the central groundwater board suggest that the reservoir of 
groundwater will be completely depleted in as many as 15 states by 2025 if the water 
extraction and exploitation continues at the present rate. It is expected that by year 
2050 more than 50 percent of India's population will be living in the urban areas 
creating a huge stress on safe and clean fresh drinking water availability. (Rao, 2003) 
The water health and security scenario in India is grim as well. Every year 
about 0.5 to 1.5 million children under the age of five die from diarrhea. Statistics 
from other South Asian nations serve as an indicator for India. In neighboring 
Bangladesh three quarter of the disease are water borne and are linked to the unsafe 
water resources and improper sanitation measures. Water based and water related 
vector diseases such as schistosomiasis, malaria, and Japanese encephalitis are 
also becoming common in the region and adding to the increased mortality rate and 
morbidity in the region. 
Exploitation of groundwater in India is very high as it provides about 90 
percent of drinking water supplies in rural areas and 40 percent of the irrigation water 
supply. At the same time groundwater is generally widespread and easily available 
without any restriction. 
Increasing violence over the shared water resources poses a serious threat to 
the development and the security of the region as a whole. A number of inter state 
tribunals have been set up to end the disputes arising between neighbors. India is 
also involved in some cross border disputes related the sharing of the river basins 
with Pakistan, Nepal and Bangladesh. In recent years a few treaties has been signed 
regarding the usage and allocation of the waters of Indus and Ganga between India 
and Pakistan and India and Bangladesh respectively. 
Water pollution is becoming an important threat in India with the rapid 
urbanization and industrialization. About 70 percent of its surface water reserve and 
a growing volume of groundwater reserve is already contaminated by biological, toxic 
organic and inorganic pollutants, (MOWR, 2000) and has been rendered unsafe for 
human consumption and in some cases they are unsafe for industrial and agricultural 
use as well. In other words degradation in the water quality can result in water 
scarcity as pollution limits the usage of water for human consumption and the 
ecosystem. Though most of the pollutants present in the major water bodies are 
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found to be in and around the urban areas. This pollution is a result of the discharge 
of the industrial affluent and the domestic sector contribution. Despite this, 
agricultural activities still dominate in terms of overall impact on water quality. 
India faces a turbulent water future. Unless and until the water management 
practices are changed in the near future, India will face a severe water crisis within 
the next two decades and it will be seemingly difficult to build new infra structure and 
to have enough water need by its growing economy and rising population. Figure 1-7 
shows the changing role of the government and the citizens related to the water 
management with respect to time. (Briscoe John, 2005) 
We have reached a stage where it is important for us, individually as well as 
collectively to focus more on the management of the water resources. Management 
and economics of the available groundwater and fresh water resources will play a 
vital role in the coming years for the sustainable development. It is high time where 
the scientist working in this sector should collaborate with the planners and policy 
makers including the involvement of the local authorities at the village or mandal level 
to chalk out plans that will ensure stability and security as far as the availability of 
fresh water is concerned. 
1.4 Aims and Scope ofthe proposed research 
Keeping in mind the scarcity of available water resources in the near future, it 
has become imperative on the part of water scientists and planners to adopt 
techniques for quantifying the available water resources for sustainable development. 
As more and more surface water bodies are getting polluted specially in fast 
developing global economies like India due to the rapid urbanization as well as lack 
of awareness, the attention has been diverted towards the available groundwater 
resources. Groundwater has another advantage of its availability almost everywhere 
as more or less all the geological formations have some space containing 
groundwater. The demand supply gap has led to the over abstraction of the 
groundwater and water level depletion in many areas beyond economic exploitation 
Geological formation that can store as well as transmit water to yield sufficient 
quantities of water to wells and springs are termed as aquifer. Thus the two main 
properties, which can make any geological formation, a good aquifer material, is the 
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presence of porosity and permeability. In alluvial and soft rock formations these 
properties are quite evenly distributed and the flow mechanisms are simple and have 
been quite well understood. The characterization of the hard rock aquifers however 
poses a challenging problem. The heterogeneities associated with the distribution of 
porosity and permeability makes it extremely difficult to predict the flow path using 
the conventional methods applicable to homogeneous aquifer. Aquifer parameter 
estimation using such approach often results in unrealistic values thus over 
estimating and in some cases even under estimating the aquifer potential. 
The availability of water in hard rocks is attributed to the development of 
secondary porosity. Weathering plays an important role in this. In India so far no 
serious attempts have been made to link the hydrogeological behavior of the aquifer 
with the weathering process. 
An attempt has been made in the present work to reduce the ambiguities and 
uncertainties associated with aquifers in crystalline hard rocks. The approach 
involves the mapping of the different layers (result of the weathering processes) of 
granitic rocks. It has been well established that weathering follows the same pattern 
in granitic and metamorphic terrains. The fissured zone, which lies in between the 
weathered saprolite and the fresh basement, is said to be the most productive zone 
in such areas. The mapping of this layer has helped in the estimation of the aquifer 
thickness on a regional scale. Such kind of study will definitely help in determining 
the maximum resource limit upto which groundwater abstraction can be made and 
also helping in planning and decision making. 
Application of various analytical techniques especially suited for hard rock 
aquifer parameter estimation has helped in a better understanding of the flow in 
fractured crystalline rocks. No single method exists which can estimate the aquifer 
properties of fractured rocks. A number of different analytical techniques can be 
applied according to the situation. 
The application of the techniques used in Oil industry has helped in better 
understanding of the aquifer geometry. The use of drawdown derivative plot has 
aided the development of a conceptual reservoir model based on which the 
appropriate analytical technique could be used. 
Groundwater management has been the key issue for most of the problems 
related to water resources in the semi-arid areas with over exploited aquifers. In spite 
of several types of artificial recharge structures, the water level decline continues and 
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it has become imperative to consider analyzing the demand of groundwater. This 
needs to evaluate each and every component of the groundwater and prepare a 
meaningful groundwater balance. The groundwater balance and budgeting using 
new and specific techniques of estimation will help in planning and decision making 
for the policy makers on one hand and to the farmers on the other hand to adopt 
suitable agriculture practices and prepare groundwater demand scenario providing 
feasible and sustainable management of groundwater. Efforts also have been put to 
apply suitably the techniques of geostatistics to tackle the interpretation in a 
stochastic framework and use optimization for various studies. 
1.5 Brief description of the chapters 
The present work is based on the characterization of hard rock aquifers using 
geological and hydrogeological methods. For making any kind of study and 
developing a new methodology it is obligatory to select a study area, which could be 
the ideal representation of such environment where the developed techniques could 
be tested and applied. 
The second chapter deals with the general description of the Maheshwaram 
watershed, which is the area, selected for this research. It includes its geographic 
location, climate, geomorphology and the Physiography and drainage. Major portion 
of the chapter is devoted to the geology and the structural features present in the 
watershed thus justifying its representation of true hard rock aquifer in a granitic 
terrain. 
The third chapter deals with the weathering processes associated with the 
hard rock aquifers. Since the development of secondary porosity in hard rock 
aquifers is attributed mainly to the weathering processes it is important to understand 
the mechanism of weathering and the conceptual model of weathering in granitic and 
metamorphic environment. The chapter deals in detail with the mapping of the 
different layers of granite in the Maheshwaram watershed on the basis of the degree 
of weathering and hydrological properties of each layer. It also explains how the 
mapping of the different layers can help in regional aquifer mapping and in 
determining the groundwater resource potential of a given area. 
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For the hydrogeological characterization of any aquifer carrying out hydraulic 
tests and their interpretation is essential. They help in determining the aquifer 
parameters. The fourth chapter is mainly theoretical which deals with the pumping 
tests and the different analytical techniques, which are suitable for hard rock terrains. 
It starts with a brief introduction of the various flow models used for hard rock 
aquifers and then the evolution of the different methods of analyzing pumping tests 
starting from the Darcy Law and the general groundwater flow equation. 
The fifth chapter deals mainly with the hydrogeological investigations, which 
have been carried out in the watershed and their results. It includes hydraulic tests of 
different scale such as slug tests which are helpful for investigating the aquifer 
parameters on the bore well scale to long duration pumping tests which help in 
determining the aquifer parameters on a regional scale. It also includes a portion on 
the specific capacity tests and how it can be used for obtaining the transmissivity 
values in the absence of long duration pumping tests. The major portion of this 
chapter is devoted to the interpretation of long duration pumping tests. It also focuses 
on the application of a relatively new technique for first determing the aquifer 
geometry and then choosing the appropriate analytical model for interpreting the 
tests. It is based on the analysis of the derivative of drawdown against time. The plot 
of the derivative of drawdown against time gives an idea about the aquifer geometry 
thus narrowing down the option of selecting an appropriate analytical model amongst 
the many existing ones. 
As stated earlier in the present scenario where the demand supply gap is 
increasing, it is necessary to have an estimate of the available groundwater 
resources. Groundwater balance studies which include a detailed investigation of the 
various inflow and outflow components on a watershed scale is necessary step 
towards aquifer stabilization. The sixth chapter deals in detail with the various 
components of the groundwater balance and how they can be used to estimate the 
specific yield of the aquifer and the amount of recharge taking by using the water 
table fluctuation method which is applicable to any semi arid area in the world. 
Piezometric maps are one of the most important components of water balance 
estimation using this technique. The difference in the water level obtained from 
monitoring over a period of time helps in the calculation of the storage variation. The 
second part of this chapter is dedicated to the optimization of the piezometric network 
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using geostatistical methods so as to avoid the time and money involved in 
exhaustive piezometric surveys. 
Finally the last chapter sums up the entire work which has been carried out 
stating its significance in better understanding the hard rock aquifer hydrogeology 
and the recommendations which will be used for long term water management and 
planning. The entire thesis provides a clear insight of the weathered fractured aquifer 
system in a granitic terrain with their structure and functioning. This knowledge is 
crucial for groundwater management models. 
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2 Description of the study area 
2.1 Geographical Location 
The present research work was carried out at the Maheshwaram Watershed 
which is situated in the Rangareddy district of Andhra Pradesh at a distance of about 
35 l<m to the South of Hyderabad, capital of the state of Andhra Pradesh. The 
watershed has an area of 53 km .^ See figure 2-1 The study area is situated between 
longitude 78°24'30"E - 78°29'00"E and latitude 17''06'20"N - 17°ir00"N and forms 
part of the toposheet 56K/8. The area is characterized by hot and dry summers and 
cool and dry winters with a distinct rainy seasons from June to September. The 
temperature ranges from 22°C to 44''C. In general the topography dips gently from 
south to north in the watershed. The elevation ranges from 590m to 670m above 
mean sea level, and the area has a slope of less than 2 percent. 
2.2 Climate 
The maximum temperature is during the month of May surpassing 40°C very 
frequently and starts diminishing from June with the onset of monsoon and stabilizes 
during August. No significant variation in temperature is seen till the end of monsoon. 
The temperature starts decreasing from the month of November with the minimum 
recorded temperatures In the month of January which can sometimes be less than 
15°C. 
The area receives more than 80 percent of its rainfall from the South-West 
monsoon and the mean annual rainfall is about 800 mm (Kumar, 2002). The graphs 
2-1 and 2-2 show the monthly and annual cumulative distribution of rainfall in the 
Maheshwaram watershed. 
The maximum humidity is during the monsoon season surpassing 90 percent 
at times. Humidity starts decreasing after monsoon and reaches a minimum between 
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monsoons. 
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Graph 2-1 Monthly distribution of rainfall in the Maheshwaram Watershed. (Period of 
observation September,2000 to August, 2005) 
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Graph 2-2 Average rainfall in the Maheshwaram Watershed (Period of observation 2001 to 
2005) 
2.3 Geomorphology 
The watershed altitude varies from 590 m in the North-East to 670 meters in 
the South-West. The topography of the basin is based on a Digital Elevation Model 
obtained by means of satellite data and by leveling of bench marks using differential 
GPS.{Figure 2-2)(Galeaz2i, 2002). 
The watershed has a slope of about 1.79 percent.(Figure 2-3) The geomorphic 
features present in the area have been mapped on the basis of the information 
available from IRS-1C satellite data.(Kumar, 2004). The various units based on the 
field investigation are as follows. 
Pedi-plain with moderate weathering. 
Buried pedi-plain with moderate weathering. 
Pedi-plain with shallow weathering. 
Buried pedi-plain with shallow weathering; 
Rocky pediment 
Tor-Complex 
Inselbergs 
Line of ridge 
Dykes 
A profile of the watershed in the SW-NE direction almost crossing the 
watershed and also following the major flow direction is shown in Figures 2-4 and 2-
5. It is quite evident from the figure 2-5 that the southern portion of the watershed Is 
at a higher elevation as compared to the Northern part. 
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Figure 2-2 Digital Elevation Model of the Maheshwaram Watershed 
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Figure 2-3 Slope of the watershed calculated from the Digital Elevation Model 
27 
1SO200O 
1801000' 
1900000 
19CSO0O 
1808000 
laoeooo 
1SB3000 
-I 1— 1 1 r 
22<a30 225000 226000 227000 22aCaD 229000 230000 23100) 232000 233000 
Figure 2-4 Showing the section (AB) along which the profile has been made 
870 
1!! 660 • 
* 650 • 
r 640 • 
* 630 • 
01 
0 620 • 
" 610 
l e o o 
S90 \ 
A ^ 
\ 
0 1000 
\ ^ ^ f t , . 
B 
2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 
Ostance (Meters ) 
Figure 2-5 Profile of the watershed drawn from the DEM in the NE-SW (AB) direction) 
2.4 Physiography and drainage 
The area exhibits an undulating topography with sub-dendritic type of 
drainage. It is marked by a number of gullies draining into local streamlets with 
eroded banks. Flat areas are seen to occur in the lower reaches that are irrigated by 
tanks and wells. All the streams drain into the Mankal tank which ultimately drains 
into the Musi river, which forms a tributary of the Krishna River. The drainage density 
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of the area is about 640nn/km .^ The streams are mostly of the first and second order 
and show a dendritic to sub-dendritic type of drainage pattern. From the surface 
water point of view the watershed forms a close basin with only one outlet in the 
North-East. The general water flow is in the SW-NE direction and closely follows the 
topography. 
Maheshwarann Watershed 
Tanks 
Streams 
Watershed 
2 Kilometers 
Figure 2-6 Drainage pattern in the Watershed 
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2.5 Geology 
Most of the rock exposed in Andhra Pradesh belongs to the Precambrian Eon 
represented by both Archean and Proterozoic Eras. They constitute about 85 percent 
of the total area of the state and the rocks belonging to the Phanerozoic Eon cover 
the rest 15 percent. (Ramam and Murty, 1997). The rock types belonging to the 
different ages have been described in brief in the following paragraphs. Figure 2-7 
shows the geological map of Andhra Pradesh. 
Archean: The Nellore-Khammam schist belt is of mid-archean age (older than 
2900 million years). It represents the oldest supracrustal known in the state and 
comprises of high-grade basic type of metamorphism with sub equal proportions of 
meta-sedimentary and volcanic rocks and intense migmatization. 
The Karimnagar Belt located along the tectonic join between the Dharwar and the 
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Figure 2-7 Geological map of Andhra Pradesh 
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Bastar cratons in the north eastern part of the state is made up of rocl<s of high grade 
metamorphism, migmatization and intense deformation. The greenstone belts of the 
cratonic interiors are characterized by dominant volcanics and minimum 
metasediments which represents a green schist fades metamorphism with hig P/T 
gradient. The tonaiite-granodiorite-adamellite suite in souther Andhra Pradesh and 
the granodiorite-adamellite-granite suite in northern Andhra Pradesh comprising 
mainly of grey, gneissose, porphyritic granodiorite form a part of the Gneissic 
Complex. This was formed around 2600 million years ago and has played the most 
significant role in the formation of a stable Archean crust.The eastern ghat mobile 
belts comprising of high grade granulite fades metamorphism was formed during the 
late Archean Era. 
Epiarchean Interval: The close of the Archen era (2500 million years) was 
followed by a long break in the sedimentation. This long interval of non deposition is 
recoganized as the Eparchean Interval and the unconformity at the base of the 
Cuddapah super group as the Great Eparchean Unconformity. 
Early Proterozoic: This period is not represented by any supracrustal 
sequence in the Dharwar craton. During this period the denuded continental crust 
was subjected to fracturing and fissuring which were filled up by material from the 
upper mantle, represented by mafic dyl<es across the entire cratonic part of the state. 
Most of the dykes were emplaced around 2200 million years but the activity 
continued till around 600 million years. 
Middle to Late Proterozoic: During this era sedimaentation started in three 
newly formed depressions namely the Cuddapah super group of rocks , the Pakhal 
supergroup of rocks located along the northeastern part of the state along the 
Godavari Graben and the Bhima Group of rocks. 
Middle to Late Proterozoic Igneous Activity: Episodic igeneous activity 
continued during the Middle to Late Proterozoic period. Kimberlites were emplaced 
during this period in two clusters; one around Wajrakarur-Lattavaram in the Kurnool 
and Anantpur district and the other in Mahboobnagar District. 
Phanerozoic: The peninsular part of India including Andhra Pradesh was not 
subjected to any major changes except for some sub aerial denudation. 
Gondawanas: Between Late Palaeozoic and Middle to Late Mesozoic, a thick 
sequence of sandstones and shales with associated coal beds were deposited in a 
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NW-SE trending faulted trough grabens or half grabens (Godavari Graben). It is 
present along the northeastern boundary of the state. 
Deccan Trap: The end of Mesozoic was marked by the burst of volcanic 
activities in the form of continental flood basalts which covers Northern and 
Northwestern parts of the state. 
Tertiary: Rajamundhry Formation comprising of sandstones, clay and lignites 
are present in the West and East Godavari districts as a NE-SW trending basin. 
Quarternary: They are well deposited along the east coast as several 
diagnostic landform assemblages and genetic environments. They are also 
represented by high-level laterite, capping the Eastern Ghats hill ranges along 
coastal Andhra Pradesh. 
2.5.1 Geology of the Maheshwaram Watershed 
The 2.5 billion years old Hyderabad Granite forms a part of the pre-cambrian 
basement of the eastern Dharwar craton of South India. It is said to be an intra 
cratonic batholith and together with its equivalents it covers an area of almost 200 km 
X 200 km (Pandey et al., 2002). 
It is limited by the Karimnagar granulitic terrain of Archean age (Rajesham et 
al., 1993) and the Godavari graben in the North-East , the Cuddapah basin in the 
south and the Deccan traps in the Northwest. The area comprises of Pre-cambrian 
granites and gneisses consisting of medium to coarse grained pink and grey 
granites, which is presumed to be a part of the Peninsular gneissic complex of Pre 
Cambrian age. Basic enclaves, aplite, pegmatite, epidote and quartz veins and 
dolerite dykes frequently traverse the area. 
Geological Succession 
Age Formation 
Quarternary Recent to Sub-Recent Soils and alluvium 
- -UneehformHy -
Younger Intrusives Dolerite Dykes/ Pegmatites 
Veins etc Quartz veins 
Archeans 
Peninsular Gneissic Complex Granites and Adamelites 
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Figure 2-8 Geology of the watershed 
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The Maheshwaram watershed lying 35 km south of Hyderabad forms a part of 
this Hyderabad Granite Region. The geology of the area (Figure 2-8) is relatively 
homogeneous and is composed of Archean granites. It comprises of biotite granite 
(mm to cm grain size) with porphyritic K-feldspar (3-5 cm grain size). This granite is 
slightly deformed, and aggregates of biotite minerals forming black strips can be 
commonly seen. (Figure2-9) 
Intrusive leucocratic granite characterized by a lower content in biotite, fine 
grain size, occasionally with porphyritic K-feldspar, and characteristically weather to 
form little hills with outcrops of boulders. (Dewandel et al., 2006) 
The leucocratic granite shows a magmatic texture, (controlled by the 
magmatic flow during the intrusion), biotite are small in size (< 1 mm) and isolated. 
(Figure 2-10) Pegmatite and leucocratic granite veins intrude the biotite granite in the 
vicinity of the leucocratic granite intrusion. The granites are intruded by quartz veins 
(Archean age) and meter-wide dolerite dykes of several generations (2.5 to 1.6 Ga), 
(GSI, 2002) Biotite granites cover a major part of the watershed. These granites are 
found to be coarse grained with porphyritic K- Feldspar. At places, these granites 
have undergone plastic deformation evidenced by the presence of elongated feldspar 
crystals with flowage of biotite crystals along the boundary of the feldspar grains. The 
leucocratic granites occupy the south west and southern part of the watershed and 
are characterized by the absence of biotites and dominance of muscovite. These 
granites are generally fine grained. They are more resistant to weathering and 
characteristically form boulders. 
Dolerite dykes are exposed in the north of Mankal cheruvu, near Uppuguda 
Tanda on the way to Mohabbatnagar and on the Srisailam main road. There are 
atleast two sets of dykes on the road leading to Mohabbatnagar from the Hyderabad-
Srisailam highway. They are trending in 100°-110° N and 90-95° N respectively. The 
extensions of these dykes in towards the West have been reported by some farmers 
of Mohabbatnagar during borewell drillings. Apart from these there are dykes striking 
in the East-West direction on the main road about 200 meters North of 
Mohabbatnagar and another dyke trending in North North East - South South West 
direction on the way to Maheshwaram village close to the Sirigiripuram diversion. 
Prominent quartz veins are exposed in the area West of Maheshwaram 
running in a North-South direction upto Tumulur in the south. Minor quartz veins 
traverse the granites at several places. 
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Figure2-9 Granite showing evidences of plastic deformation 
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Figure 2-10 Fine grained leucocratic granite 
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2.6 Stnictural features present in the study area 
The major structural feature of the study area comprises of fractures which can be 
further classified as 
• Mineralized fractures represented by the presence of quartz veins in the 
watershed trending in a north-south direction. 
• Fractures traversed by dykes. The Dolerite dykes, well exposed in the 
northern and western parts of the watershed represent them. These dykes 
form important structural feature controlling the movement of ground water in 
the region. 
• Late stage fractures represented by joints. Joints are the most commonly 
observed structural feature in the area. Generally two and occasionally three 
sets of joints can be seen in the granitic outcrops of the area. 
Basic enclaves which are most likely to be the remains of the older rocks of granitic 
composition but having higher concentration of basic minerals are commonly seen in 
the area. They are generally elongated or lens shaped and their long axes are 
generally oriented in the direction of the local foliation of the granites. 
Aplite veins are also seen in the area.They are generally light grey in color and 
very fine grained and occur in the form of veins.They generally range from a few 
millimeters to few centimeters in thickness and cut across the granites for long 
distances usually in two prominent directions, NW-SE and N-S 
Pegmatite veins occur through out the area cutting the granites as dykes or 
inclined veins and vary in thickness from a few centimeters to a few tens of meters. 
Though these pegmatite veins are present all over the area, they are more 
predominant in the western half of the watershed. (Biotite granites with the pegmatite 
veins in the geological map).The veins generally have two prominent directions. One 
set running in the NW-SE direction and the other in the N-S direction. (Kanungo et 
al., 1975) 
Epidote veins traverse the entire area .They generally vary in thickness from a 
few millimeters to a few centimeters and extend over quite long distances. 
Quartz veins usually have an N-S trend and run as long linear features. They 
vary in thickness from a few centimeters to a few meters .The quartz veins are highly 
fractured and form a very prominent linear feature of the watershed. 
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Figure 2-11 Highly Fractured Quartz Veins 
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Figure 2-12 Dolerite dyl<es 
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Dolerite dykes cutting across the granites are found practically all over the 
watershed and have an approximately E-W trend. They are black to greenish black in 
color and are fine to medium grained, hard compact and run for long distances and 
show characteristic spheroidal weathering. (Figure 2-12) 
Joints in granites can be of tectonic origin or they can be the result of 
weathering. Tectonic forces generally result in the development of vertical or sub 
vertical fractures where as weathering is mainly responsible for the development of 
horizontal fractures. Presence of both types of fractures in a given region is essential 
for a potential aquifer material in hard rocks. Vertical joints act as conduits for the 
transfer of water from the surface to the underiying aquifer where as the horizontal 
joints help in maintaining the lateral continuity of the aquifer. Horizontal joints cannot 
be easily observed on the suri'ace outcrops but fortunately the presence of large 
dugwells in the areas provides ample scope for the study of such joints. Unlike the 
horizontal joints, vertical joints can be easily observed on surface exposures. The 
most commonly asked question in the study of joints in any area is the orientation of 
the prominent joint sets in the area. Proper collection and representation of the joint 
orientation data is the key to the success of any study of jointing. 
Several types of diagrams can be used to display the joint orientation data 
such as the rose diagram, the histogram, the running average, the equal area 
projection, the length verses strike diagram and the strike verses traverse distance 
diagram. 
Rose diagrams have long been used for representing linear features such as 
the orientation of fault planes, palaeocurrent directions and joint directions. The linear 
data are plotted on a rose plot with the length of each rose representing the 
frequency of data and the direction representing strike of the linear feature. Thus if 
any such data is plotted on a rose plot it gives a quick overview of the trend of the 
linear feature in a given area. The figure 2-13 gives a picture of the orientation of the 
vertical joints in the Maheshwaram watershed. 
Since most of the joints observed on the surface outcrops appear to be vertical 
or sub vertical they give a fairiy good idea about the prominent joint directions. 
Though the joints seem to be distributed in all the directions but depending on their 
frequency of distribution two prominent trends can be seen. The directions are 
N70W-S70E and N85E-S85W.(Figure 2-14) 
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Figure 2-13 Granite outcrop with vertical joints 
Figure 2-14 Rose diagram representing the trend of joints in Malieshwaram Watershed Major 
Direction: N70W-S70E & N85E-S85W No. of joints plotted: 905 
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Foliation mapping was also carried out in the watershed. The foliations are 
present due to the alternate arrangement of dark colored minerals especially biotite 
and the dimensional orientation of light colored minerals such as quartz and 
feldspars.(Kanungo et al., 1975). The foliations were well developed in the biotite 
granites as compared to the leucocratic granites.Figure 2-15 shows well developed 
foliation in the biotite granites. 
However careful observations showed the development of foliations in 
leucocratic granites as well. The striking feature of this mapping was that the trend of 
the foliation development remains the same all over the watershed, NNW-SSE 
(Figure 2-16) and is in confirmation with the general foliation direction observed in the 
peninsular gneissic complex (Kanungo et al,1975). Both these granites are of 
different age.(Dewandel et al., 2006) but it seems that their emplacement took place 
in the same geodynamic concept and hence there is uniformity in the foliation 
direction. Foliation is an important parameter, which produces mechanically weak 
discontinuities. If micas form the foliation plane, they can interact as a large flaw and 
cause fracture propagation,(Akesson et al., 2003), but in the Maheshwaram 
watershed there is no such clear evidence which can substantiate the above 
observation though ofcourse the micas have played a major role in formation of 
horizontal fractures as a result of weathering process. 
Keeping in mind the influence of jointing patterns on the drainage system a 
study was undertaken to find the relationship between the joint directions and stream 
flow. A rose diagram representing the orientation of the streams was plotted. The 
major stream directions point towards N50W-S50E and N-S. (Figure 2-17) Though 
the NW-SE direction does not differ much from the orientation of joints but the 
dendritic nature of the drainage and other geomorphologic factors strongly point to 
the fact that the drainage is more or less controlled by the topography of the area 
rather than the structural influence. 
Since it is very difficult to see the horizontal or sub horizontal fractures on 
surface outcrops, these were studied in the large number of dugwells present in the 
watershed and the results clearly show that the density of horizontal fractures are 
much higher than the vertical fractures. (Figure 2-18). Hydraulic tests carried out in 
the area by other workers have showed that the permeability of horizontal fracture is 
much higher than the vertical fractures. Their results agree with the geological finding 
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that the fissured layer of the weathered granite profile shows the existence of many 
horizontal and sub-horizontal fractures.(Marechal et al., 2004b) 
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Figure 2-15 Well developed foliation in biotite granites 
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Figure 2-16 Foliation map of the study area 
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Figure 2-17 Rose diagram representing the trend of Streams in IVIaheshwaram Watershed 
Major Direction: N50W-S50E & N-S.No. Of Data: 331 
Figure 2-18 Dug Well section showing weii developed horizontal outcrops 
42 
Since the development of horizontal fractures is attributed to the mineral 
weathering process, the pattern of fracture distribution as observed in dugwells and 
the hydraulic test carried out in the area clearly point to the fact that the hydrogeology 
of the area is attributed to the weathering process rather than the tectonics. The 
intrusions of pegmatite in the granites have resulted in the development of fractures 
along the contacts. This is one of the main reasons for a higher density of horizontal 
fissures, observed in dugwells, in the areas covered by biotite granite with intrusion 
of pegmatite veins. 
2.7 Land use Land Cover of the Study area 
2.7.1 IntToduction 
The watershed comprises of five villages and several small hamlets of tribal 
(lambada) families. The five villages are Maheshwaram, Sirigiripuram, Gangaram, 
Tumlur, and Mohabbatnagar. Rainfed agriculture forms the main stay of the poorest 
segments of the area. This rain dependant farming is confined to the south west 
monsoon season, mainly from the about middle June to end of October. Moreover 
the productivity of the crops is not only dependant on the amount of rainfall but also 
on its distribution. Due to the absence of any large scale surface irrigation systems 
within the watershed area, exploitation of groundwater has become an important 
component in agricultural development activities. There are six tanks within the area 
but only one tank that is the Mankal has a significant area of irrigation, (about 100 
acres) 
The total population of the five villages is 11525 as per the village records. 
Female population is slightly less than the male members and children comprise 
around 40 percent of the total population.(Table 2-1) 
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Name of the Habitation 
IMahesliwaram 
Sirigiripuram 
Gangaram 
Tumlur 
IVIohabbatnagar 
Total 
l-louseholds 
1179 
236 
184 
464 
125 
2188 
Population 
6611 
1150 
764 
2363 
637 
11525 
Sex 
Male 
3388 
587 
400 
1206 
321 
5902 
Female 
3223 
563 
364 
1157 
316 
5623 
Age Composition 
Adults 
4111 
667 
382 
1577 
404 
7141 
Children* 
2500 
483 
382 
786 
233 
4384 
Table 2-1 Population in the Maheshwaram watershed (2001-2002). * Less than 14 years 
The total number of households in the watershed area is 2188. Maheshwaram 
is the largest village of the area comprising of 1179 households whereas 
Mohabbatnagar is the smallest with 125 households.(PA Consulting Group, 2003) 
The main occupation of the local people is agriculture however because of its 
proximity to the city of hyderabad a large percentage of people are also engaged in 
other issues such as diarying, transport casual labour and small business. Around 41 
percent of the people have agriculture as their primary occupation while 59 percent 
people are engaged in occupation other than agriculture.{Table 2-2) 
Village 
Maheshwaram 
Sirigiripuram 
Gangaram 
Tumlur 
Mohabbatnagar 
Total 
Households 
1179 
236 
184 
464 
125 
2188 
Population 
6611 
1150 
764 
2363 
637 
11525 
Main Economic activity (Percentage) 
Agriculture 
31 
50 
26 
48 
50 
41 
Non Agriculture 
69 
50 
74 
52 
50 
59 
Table 2-2 Household economic activity 
2.7.2 Observation and assesment of Land Use/ Land Cover 
A land use / land cover study of the Maheshwaram watershed was carried out 
by the National Remote Sensing agency, Hyderabad in June 2003. According to their 
report the major land use/land cover categories that have been identified include the 
built up land, agricultural land, forestland, wasteland, water bodies and others. The 
descriptions of all these categories are given below. Figure 2-19 shows the land use 
land use/ land cover map of Maheshwaram watershed. 
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2.7.2.1 Built-up-land 
A built-up-land is defined as an area of human habitation that has been developed as 
a result of non-agricultural use. The major category of this kind, which can be easily 
identified by satellite images in the study area, includes residential areas, industrial 
areas, institutions and transportation network. The important settlements, which have 
been identified within the study area, include Maheshwaram, Tumlur, 
Mohabbatnagar, Sirigiripuram and Gangaram. Apart from these there are some other 
minor habitations, which can be identified. The total area under this category comes 
to about 1.38 km^, which corresponds to about 2.6 percent of the total watershed 
area. A summary of the land use statistics for all the different classes are given in 
Table 2-3. 
2.7.2.2 Agricultural land 
Agricultural land use pattern in any given area depends on a number of factors 
such as topography, type of soil, rainfall pattern, the natural vegetation and the socio 
economic activity of the people. The major cropping area encountered in the 
Maheshwaram watershed is in the fluvial plains and in the gently sloping areas. 
Groundwater and some storage tanks across the higher order streams is the main 
source of irrigation for these crops. Crops are grown both in Kharif and Rabi seasons 
because of the comparative ease of availability of groundwater and the high moisture 
retention capacity of the soil. The surface storage tanks across higher order streams 
provide irrigation to a limited extent in the some of the upland regions of the study 
area. The different agricultural land in the study area has been classified as 
1. Double Crop (paddy area): It includes the areas that are cultivated both in 
the Rabi and Kharif seasons. In the watershed these areas are generally 
located close to the villages and along valleys. These areas undergo more 
scientific agricultural practices in terms of application of fertilizers, pest control 
and the use of high yielding variety of paddy. These areas are served mainly 
by groundwater and due to the accumulation of rainwater from adjoining 
higher lands in the rainy season. It occupies an area of 2.07 km ,^ which 
represents about 3.9 percent of the watershed. 
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2. Kharif Paddy: The Kharif paddy is generally sown in June to be harvested in 
November. Seeds are sown after the early monsoon showers and the growth 
of crops is dependant on the amount of the rainfall, which generally shows 
large variations. These crops are generally affected by the prolonged dry 
spells resulting in the reduction in yield and sometimes the total destruction of 
the crops. These crops are generally confined to the upland areas and farming 
is done by old traditional methods. This agricultural practice occupies an area 
of about 6.80 km^, which is around 12.88 percent of the watershed. 
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Figure 2-19 Land use Map of Maheshwaram Watershed, (NRSA Project Report, June 2003) 
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1.38; 2.61% 
1.77; 3.35% 
3.59; 6.80% 
3.73; 7.06% 
4.59; 8.59% 
6.8; 12.87% 
• Built-up 
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Figure 2-20 Pie Diagram showing the land use/ land cover category of the Maheshwaram 
Watershed (Source: NRSA Maheshwaram Watershed Project Report, June, 2003) 
3. Kharif (other crop): These crops are mainly dependant on rainwater. The 
main crops under this category are jowar, pulses, vegetables and flowers. It 
occupies an area of 27.90 km^, which is about 52.8 percent of the total 
watershed area. 
4. Plantation: Areas occupied by perennial bushy and tree crops fall under this 
category. The plantations in this area include grapes, mango, sweet lime and 
guava. In addition teak plantations are also seen in the area. This category 
occupies an area of 4.59 km^, which comes to around 8.68 percent of the total 
watershed area. 
5. Fallow Land: Areas potential for agriculture but which are not currently in use 
fall under this category. Area under this category is about 0.17 km^, which is 
0.32 percent of the watershed. 
2.7.2.3 Wasteland 
These are the degraded lands, which are not used for agricultural purpose but can be 
brought under cultivation with appropriate soil and water management. Two classes 
of wasteland have been identified in the watershed, which is described as follows. 
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1. Land with or without scrub: These are lands with soils that are two shallow 
with moderate to steep slopes and are covered with scrubs at some places of 
varying height and densities. Maximum concentration of the scrub region is 
found in the southern area of the watershed. It accounts for 3.59 km^, which is 
about 6.8 percent of the watershed area. 
2. Stony Waste: These are the exposed granitic outcrops and boulders, which 
are devoid of any vegetation and are present mostly in the southern region of 
the study area. The exposed rock outcrops are mostly spheroidal in shape, 
which occurs in cluster and sometimes in isolation. They have been formed as 
a result of differential subsurface weathering followed by differential erosion 
and accounts for 1.78 km^, which is approximately 3.35 percent of the 
watershed area. 
2.7.2.4 Water Bodies 
Areas with impounded water can be put under this category. They include natural as 
well as man-made water sites. Kotwal Cheruvu and Mankal Cheruvu are the main 
tanks in this area. The water supplies to these tanks are mainly dependant on rainfall 
precipitation. Tanks of varying size can be seen scattered in the watershed and 
occupy 0.82 km^, which is roughly 3.35 percent of the total watershed area. Figure 2-
20 gives the percentage wise distribution of the land use categories in the watershed. 
2.7.3 Conclusion 
Land use/ land cover assessment using satellite remote sensing provide reliable, 
faster and cost effective technique for getting detailed information of the study area. 
In the present study the land use map was greatly helpful in the water balance 
calculation of the watershed. Since pumping and irrigation return flow constitute a 
major component of the water budget, a quick assessment of the areas under 
cultivation by different crops was possible by the land use study. This coupled with 
the water requirement of the various crops provided a precise estimate of the total 
ground water abstraction in the area (Marechal et al 2006). Depending on the return 
flow coefficient of the individual crops it is possible to calculate the total return flow 
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taking place in the watershed, which is a fraction of the total groundwater abstraction 
used for irrigating the different crops. 
SI. No. 
1 
2 
3 
4 
5 
Land use Category 
Built-up-land 
Rural 
Urban 
Brick Klin/Mud Quarry 
Brick Klin/Quarry 
Industrial 
Institution 
Sheds (poultry, otiiers) 
Vacant Land 
Agricultural Land 
Double crop 
Kharif (paddy area) 
Kharif (other area) 
Current fallow 
Grape 
Guava 
Mango 
Teak 
Sweet Orange 
Mixed Plantation 
Forest 
Forest plantation 
Scrub Forest 
Waste Land 
Land with Scrub 
l^nd without Scrub 
Stony Waste 
Water Bodies 
Tank 
Dry Tank 
TOTAL 
Area (in sq.km) 
1.38 
0.24 
0.4 
0.02 
0.01 
0.33 
0.02 
0.34 
0.01 
48.98 
2.07 
6.8 
27.9 
0.17 
0.55 
0.23 
0.24 
0.14 
0.02 
3.41 
3.73 
2.49 
1.24 
5.36 
3.47 
0.12 
1.77 
0.82 
0.27 
0.55 
52.82 
Percent 
2.61 
0.46 
0.76 
0.03 
0.03 
0.63 
0.03 
0.65 
0.03 
92.75 
3.92 
12.88 
52.83 
0.32 
1.05 
0.43 
0.46 
0.26 
0.03 
6.45 
7.06 
4.71 
2.34 
10.15 
6.57 
0.22 
3.35 
1.55 
0.5 
1.05 
100 
Table 2-3 Maheshwaram Land use/ Land cover Statistics (Source: NRSA Maheshwaram 
Watershed Project Report, June, 2003) 
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3 Hard rock aquifers and the related weathering 
processes 
3.1 Introduction 
The term hard rock aquifer is used to define igneous and metamorphic rocks, 
which are characterized by insignificant primary porosity and permeability. 
Sometimes consolidated sedimentary rocks can also be referred to as hard rocks. 
Weathering and fracturing can impart secondary porosity and permeability to such 
rocks to a variable extent. They are also referred to as fractured rocks because of the 
dependence of the hydraulic properties of such rocks on the development of 
fractures and fissures. Hard rocks generally represent an anisotropic and 
heterogeneous media. 
Hard rock aquifers show erratic variations in their hydraulic properties within 
short distances. The hydraulic conductivity and permeability of such rocks can vary 
within a range of magnitude within the same lithology at short distances. 
Igneous and metamorphic rocks are distributed abundantly both in time and 
space. They occur principally in large areas called shields and smaller massifs of 
Precambrian age and form the most stable part of the continents. The principal shield 
areas of the world include the Canadian, African, Indian, Australian, Guianan and 
Amazonian, Baltic and Antarctic shields Apart from these smaller but nevertheless 
important outcrops of hard rocks can be found such as the Armorican massif and 
Massif Central in France, Spanish meseta and the Bohemian massif. Hard rocks also 
occur partly in cores of major mountain ranges. The extension of shield rock outcrop 
built usually by igneous and metamorphic rocks is estimated to be 20 percent of the 
present land surface (Gustafson and J.Krasny, 1994). 
The hydrogeological significance of hard rock aquifers and the issues related 
to water management varies from place to place depending on a number of factors 
but mainly on the availability of water and the water demand. 
In the humid regions where generally there is no problem associated with 
water quantity, no special attention has been given to the hard rock aquifers by 
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hydrogeologists, except for some problems related to water quality and Industrial 
problems such as the dewatering for mining and civil engineering projects. In 
mountainous areas, like the humid areas there Is no serious problem related to water 
quantity because of ample supplies of both surface and groundwater and most of the 
hydrogeologlcal studies are related to the geotechnical and engineering problems. 
The situation was same in the temperate areas as far as hard rock aquifers 
were concerned until recently where the Increasing demand for water supply and the 
Improvement in drilling technology has resulted in their overexploltation. Great 
volumes of hydrogeologlcal data from such terrains are now available with 
hydrogeologists. Thus the availability of a large amount of data coupled with some 
new methodological approaches have led to Increased Interest in hard rock 
groundwater problems. 
The occurrence of hard rock areas in semi arid to arid climatic zones of the 
world such as in India, Brazil and the African shield have also attracted the attention 
of hydrogeologists for such aquifers. In many areas there are no surface water 
supplies and hence groundwater resources gain utmost Importance (Gustafson and 
J.Krasny, 1994). Important results have lead to a better understanding of such 
aquifers. 
In India, over two third of the surface area totaling about 2.40 million sq. km. is 
occupied by hard rocks terrain and nearly 50 percent of the replenishable resources 
of groundwater occur in these rocks. Though In some parts of the hard rock terrains 
In India, as In the Western Ghats and in Assam, rainfall is high (about 400 cm per 
year) but the Interior parts of south and south central India (Central Maharashtra, 
Telengana area of Andhra Pradesh and some parts in Karnataka and Rajasthan) 
rainfall is very little making them drought prone. The absence of major perennial 
streams In these regions makes groundwater the only possible source of water. In 
the past the capability of such hard rocks as being a potential aquifer material was 
not very well known and hence they were neglected, but an increase In demand In 
the recent years and the advancement in drilling and pumping technology have 
shown that such rocks can also provide sufficient quantities of water for use. 
Systematic geological and geophysical examination of such terrains has also 
increased the success rate of drilling. However the structure and functioning of such 
aquifers are yet to be understood clearly and extensive investigations are needed to 
quantify the parameters governing the flow of water. 
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3.2 Hydrogeology of hard rock aquifers 
Plutonic rocks, which are formed by intrusive igneous process, and 
metamorphic rocks, which are formed due to the application of heat and 
pressure on pre existing rocks, have a very low porosity as interlocking crystals 
form them. The phenomenon of weathering and tectonic fracturing helps in 
increasing the overall porosity of these rocks. The development of secondary 
porosity in crystalline hard rock formations is generally controlled by factors such 
as lithology, tectonics and climate. The development of joints and fractures are 
an important component of the development of open spaces in an otherwise 
massive rock formation. Weathering was generally considered to be the next 
stage, which enhanced the porosity of these rock formations. However recent 
works by Wyns et al., 2004 has shown that the development of fissures in 
igneous and metamorphic rock is attributed to the weathering processes. 
The movement of water through fractured hard rock aquifers is an 
extremely complicated to understand as the flow paths are very complex and 
heterogeneous in nature. This complexity is attributed to the uneven 
development of the secondary porosity. It is a well established fact in 
groundwater sciences that the movement of water in hard rock areas takes place 
along the discontinuities. Joints, fractures and shear zones constitute these 
discontinuities. The interconnection between the fractures, their density, 
aperture size and orientation govern the porosity and permeability in such 
environments. Joints and fractures, which are not filled by weathered rock 
material or by clay or carbonate infillings, form potential passage for the 
movement of water. Infillings in the form of clays, which are also sometimes 
referred to as fracture skins, greatly reduce the permeability of the fractures. 
3.3 Weathering and Assuring of Granitic Rocks and the conceptual 
model 
The occurrence and movement of groundwater in hard rocks depends on the 
availability of secondary openings as a result of weathering and fracturing. The hard 
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rock aquifers generally occupy the first few tens of meters below the ground level 
(Detay et al., 1989). A large number of bore wells have been drilled in these areas 
and most of these lie within the shallow weathered zone. 
Deep weathering and stripping is believed to be responsible for the 
hydrogeological characteristics of crystalline rocks Permeability in the bedrock arise 
from fractures which are attributed to the decompression resulting from the removal 
of overlying burden by deep weathering (Taylor and Howard, 2000b). 
The study of the weathering of granitic rocks has been carried out by a 
number of workers from different aspects for e.g. geological (Eggler et al., 1969; 
Oilier, 1985; Twidale, 1990), geomorphological (Ruxton and Berry, 1957; Oilier, 
1971; Oilier, 1978; Pain and Oilier, 1981) and glaciological (Hall and Martin, 1986). 
The weathering profile which characterizes the alteration of fresh crystalline 
rock to soil has been studied by various workers (Brunsden, 1962; Dearman et al., 
1978; Newbery, 1970; Ruxton and Berry, 1957; Thomas, 1966). The weathering 
profile in general shows a progressive degradation from fresh rock to soil. The 
thickness of the different weathering zones may differ from place to place but the 
succession of these zones remains the same. 
According to the recent works carried out by Wyns et al, 2004, the typical 
weathering profile (Figure 3-1) consists of the following layers each having distinct 
hydrodynamic properties. From top to bottom it consists of 
Iron Crust. It is found in very well developed and preserved weathering 
profiles, but is generally absent in the recent weathering profiles because of erosion 
or due to rehydration of hematite in a latosol for iron crust or due to resilicification of 
gibbsite/boehmite into kaolinite for bauxitic crusts. 
Saprolite: Also referred to as the alterite or regolith and is derived from the 
prolonged insitu decomposition of the bedrock. The thickness of this layer varies upto 
a few tens of meters where it has not been eroded. The saprolite layer can be further 
sub-divided into two, (Wyns et al. 1999): the alloterite and the isalterite. The alloterite 
consists mostly of clay where due to the reduction in volume related to mineralogical 
weathering processes, the structure of the mother rock is lost (Jones 1985; White et 
al. 2001). In the underiying isalterite, there is almost little or no change in volume 
brought about by the weathering process and the original rock structure is well 
preserved (Gardner 1980; Cleaves 1993; White et al. 2001). In plutonic rocks, such 
as granites, the base of the isalterite is generally laminated; and hence this layer is 
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known as the laminated layer. This layer consists of relatively consolidated but highly 
weathered parent rock with coarse sand-size clasts texture (Eswaran and Bin 1978; 
Acworth 1987; Sharma and Rajamani 2000; Chigira 2001) and a dense horizontal 
lamination crosscutting the bigger minerals (e.g., porphyritic feldspars), but still 
preserving the original structure of the parent rock to a great extent. Sometimes this 
particular layer is called 'micro-sheeting layer' (Chigira 2001). 
Iron crust 
-H— 
E Sandy regolith 1 t 
^ Laminated layer 
E 
§ Fissured layer 
Fresh lasement 
Paleosurface 
Water table 
Deep fracture 
Percolation front 
(bottom of the aquifer) 
Deep fracture 
Figure 3-1 Typical Weathering Profile of hard rocl<s 
The clayey-sandy composition of the saprolite layer results in imparting a high 
porosity, which in turn depends on the lithology of the parent rock .The bulk porosity, 
is mainly between 5 and 30 percent (Compaore et al. 1997; Wyns et al. 1999&2004; 
White et al. 2001; Begonha and Braga 2002), but displays quite low permeability, 
generally about 10"® m/s (Acworth, 1987; Rushton and Weller 1985; Houston and 
Lewis 1988; Barker et al. 1992). Where this layer is saturated enough, it assumes the 
capacitive function of the aquifer. The laminated layer has a significantly higher 
permeability than the entire saprolite layer (McFarlane, 1992; Taylor and Howard, 
2000b). 
Fissured layer. It is generally characterized by a dense horizontal fissuring in 
the first few meters and a depth-decreasing density of sub horizontal and sub vertical 
fissures (Houston and Lewis 1988; Howard et al. 1992; Cho et al. 2003; Marechal et 
al. 2003a; Wyns et al. 2004). Several theories have been proposed by different 
workers regarding the origin of these fissures. 
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The origin of exfoliation in granitic rocks have beet*) debated since the theory/ 
connecting sheeting with induced tension by the expansion bf the rocit body..y»<i 
response to erosion (Gilbert, 1904). Various causes have been gi^ ect-^ ^^^^cRIT^ent 
workers to explain the mechanism of sheeting, for example they can be formed by 
the cooling of the magma and subsequent tectonic activities (Houston and Lewis, 
1988b) or by the lithostatic decompression process (Acworth, 1987a; Davis and Turk, 
1964; Wright, 1992; Wright and Anonymous, 2002), large-scale compression parallel 
to the exposed surface (Dale, 1923; Johnson, 1970; Twidale, 1973) and high 
differential stresses (White, 1946; Holzhausen, 1989). Factors such as insulation, 
fluctuations in surface temperatures, differential weathering, residual stresses and 
vegetation have been considered responsible for the exfoliation processes, 
(Johnson, 1970; Holzhausen, 1989). The formation of this laminated horizon by the 
grain to grain disaggregation caused by the expansion of hydrous minerals such as 
biotite has been given by many workers (Wahrhaftig, 1965; Wilson, 1966; Clark, 
1967; Eggler et al., 1969; Bradley. 1970; Isherwood, 1976; Nixon, 1979; Wyns et al., 
2004; Wyns et al., 1999). Such a biotite induced grussification process has not been 
accepted by all workers (Folk, 1982; Hoskin and Sundeen, 1985; Pye, 1986). 
Erosional unloading followed by buttressed expansion was given as a possible 
explanation for the formation of large-scale sheet structure (Folk, 1982). Buttressing 
is the phenomenon where if the rocks are prevented from expanding laterally, minute 
amount of rock expansion by any mechanism will cause relatively enormous amount 
of arching, which the granite must accommodate by fracturing parallel to the surface. 
The stress needed for the buttressing of granites is provided by the hydration of 
biotite. Once the fracturing of granite into thin sheets has taken place as a result of 
the buttressed expansion more surface area is available for water to move through 
the cracks in rocks. This greatly speeds the hydration of biotite and the ultimate 
disintegration of sheets into grus. 
Wyns et al., 2004 have demonstrated that the fissures in hard rocks are not 
only dependent on the decompression process but also to a large extent on the 
mineral weathering process. This process involves the hydrolysis of minerals 
constituting the rocks into clay rich minerals at surface equilibrium conditions (Tardy, 
1971; Tardy, 1993; Tardy, 1998). The weathering of the micaceous minerals 
specially biotite into clays proceeds with an increase in volume which induces cracks 
in the rocks that will initiate fracturing. Banfield, 1984 described a 30 percent increase 
55 
in volume as biotite alters to vermlcuilte. Such volume changes during the early 
stages of weathering greatly increases the porosity and permeability of the rocks thus 
making them more susceptible to weathering. 
Therefore for the formation of sheeting or closely spaced parallel fissures the 
swelling of biotite grains produces an overall expansion of the entire outer portion of 
the mass of rock to produce the stress which is the main cause for the formation 
continuous parallel sheets. Secondly major volume changes take place during 
alteration of biotite to hydro-biotite, vermiculite and mixed layer clays. Disruption 
associated with this alteration effectively increases the porosity and permeability of 
weathered granite and therefore, further increases the access and through-flow of 
weathering solutions. This phase of biotite alteration appears to be a major influence 
on the ultimate breakdown of the rock so that greater the biotite content, more rapid 
is the weathering (Hill, 1996). 
This layer mainly assumes the transmissive function of the aquifer and is 
pumped by most of the wells drilled in hard-rock areas (Uhl and Sharma 1978; White 
et al. 1988; Acworth 1987; Houston and Lewis 1988; Barker et al. 1992; Briz-Kishore 
1993; Drew et al. 2001, Gustafson and Krasny 1994). However, sometimes the 
overlying saprolite layer may have been partially or completely eroded. In these 
cases, the fissured layer assumes the capacitive function of the aquifer as well, e.g., 
in French Brittany 80 to 90 percent of the groundwater resource is in the fissured 
layer (Wyns et al. 2004). 
The Fresh basement is permeable only locally, where tectonic fractures are 
present. The hydraulic properties of such fractures have been investigated in various 
studies (Pickens et al. 1987; Blomqvist 1990; Walker et al. 2001; Kuusela et al. 2003; 
Cho et al. 2003, etc.). In certain cases these tectonic fractures may have permeability 
equal to those of the fissures formed by weathering but their density generally 
decreases with depth (Davis and Turk, 1964). At the catchment scale and for water 
resources applications, the fresh basement can be considered as impermeable and 
having very low storativity (Marechal et al. 2004). 
The development of the weathering profile in a region apart from the 
mineralogy is also dependant on the climate and topography (Oilier, 1975; Tardy, 
1971; Tardy, 1993; Tardy, 1998). Water plays an important role in the chemical 
weathering of minerals (Acworth, 1987a). Silicate minerals such as feldspars and 
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biotite when come in contact with water get converted to clays. These reactions are a 
result of hydrolysis where the hydrogen ion replaces the cations in silicate minerals. 
The hydraulic gradient, which governs the amount of water flowing from one region to 
another, also plays a major role in the development of the weathering profile. The 
hydraulic gradient is controlled more or less by the topography of the region so in 
plain areas or areas of gentle relief the rate of chemical weathering is low as 
compared to the areas of high relief. However due to the presence of a high rate of 
erosion in areas of high relief the complete weathering profile is often not preserved. 
Saprolites can be represented by a porous media and hence its properties can be 
measured easily. Many data from this zone are available for modeling (Acworth, 
1987a; Compaore et al., 1997). Enhanced weathering in the saprolite layer results in 
the formation of clayey minerals characterized by high porosity and low permeability. 
This low permeability is responsible for apparent semi confined conditions in the 
weathered mantle aquifer as observed during drilling (Taylor and Howard, 2000a). 
The hydrodynamic properties of the fissured layer is the most difficult to 
comprehend. A lot of studies have been done to find a relationship between the well 
yield and depths (Davis and Turk, 1964),geology (Houston and Lewis, 1988b), 
weathering profile (Foster, 1984; Foster, 1988; Lachassagne et al., 2001a; 
Lachassagne et al., 2001b) or well yield and topography (Henriksen, 1995). The 
evolution of transmissivity and storage with depth in the upper part of the weathered 
fractured crystalline basement has been studied by some workers (Chilton and 
Foster, 1995). Taylor and Howard, 2000a gave a tectono-geomorphic model of 
crystalline rocks from Uganda, where they have shown that permeability of the 
basement rocks are attributed to tectonic uplift and the subsequent erosion thus 
resulting in the formation of horizontal fissures due to decompression process and 
the porosity is attributed to the stages of tectonic stability where the circulating water 
causes the weathering of the parent rock. 
3.4 The weathering proJBle in Maheshwaram 
The geology of the Maheshwaram watershed comprises mainly of Archean 
granites, which forms a part of the peninsular gneissic complex of the Eastern 
Dharwar Craton. 
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The weathering profile of these granites can easily be studied from the 
numerous dugwells, which are scattered throughout the watershed area. However 
since the dugwells vary in depths from 12 to 18 meters, they provide the information 
only for the upper part of the weathering profile but fortunately the cuttings obtained 
from 50 observation boreholes drilled during the Indo-French Project provides 
information upto 64 meters depth. From top to bottom the Maheshwaram weathering 
profile is as follows: 
• A thin layer of red soil (10-40 cm). 
• A 1-3 m thick layer of sandy regolith, which is locally capped by a lateritic crust 
(< 50 cm in thickness). 
• A 10-15 m thick layer of laminated saprolite. This layer is characterized by 
closely spaced horizontal laminations with some sub horizontal and vertical 
fissures, which are partially filled up by clayey minerals. Some fresh boulders 
of granite can occasionally be seen in this horizon the 
• Fissured granite that occupies the next 15-20 m, where a few clayey minerals, 
commonly fill up the fissures partially. 
• The unfissured granite (bedrock). 
The thickness of the sandy regolith and the presence of the relicts of ancient 
fissures in the laminated horizon, challenges the classical weathering model and 
questioning the existence of a regional weathering process in South India (Dewandel 
etal.,2006). 
3.4.1 Mapping of the Weathering Profile 
The presence of the numerous dugwells in the study area and the lithologs 
made from the drill cutting has helped in a realistic mapping of the weathering profile 
for the entire watershed. It is fairly easy to identify the laminated layer because of the 
coarse size of the crystals with sharp edges such as potash feldspars, which have 
been sliced by the lamination process. This thrckness has been confirmed in the 
dugwell cross sections. 
The underlying fissured zone is characterized by alteration of weathered and 
highly weathered zones, which can be easily identified in the drill cuttings. The 
bottom of this layer is not easy to identify because at depths the fissures are very 
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narrow with a thin zone of weathering border. However to make sure that the bore 
well cross cuts the entire fissured zone, they have been drilled a few meters beyond 
the last identified fissures. The limit of this fissured zone has been confirmed by 
various flow measurements (Dewandel et al., 2006). 
Eighty Vertical Electrical Soundings were carried out using the Schlumberger 
configuration and the results were inverted using the Jupp and Vozzof Code (Jupp 
and Vozoff, 1975). Due to the large variation in resistivities associated with such 
formations, it was made sure to interpret the whole set of VES data in a coherent 
manner to reduce the ambiguities in the interpretations. Thus the large amount of 
data available in the form of lithologs and VES interpretations helped in the mapping 
of the bottom of the laminated horizon (Figure 3-2) and the bottom of the fissured 
zone (Dewandel et al., 2006). 
Irrespective of the lithology the elevation of the bottom of the laminated layer 
ranges between 600 meters to 650 meters above means sea level and that of the 
bottom of the fissured layer from 590 meters to 650 meters above mean sea level. 
Both the horizons show a general dip in the northward direction and with a gentle 
slope of less than 2 percent. The cross sections drawn along the contours of the two 
layers show that both these layers generally follow the topography and the 
weathering thickness is more or less constant at the watershed scale. (Figure 3-3). 
Locally the weathering thickness is disturbed because of the slight differences 
in lithology and the presence of linear features such as quartz veins. Leucocratic 
granites which are exposed in the southern portion of the watershed are less thickly 
weathered; primarily because of the low biotite content. Thus the weathering front in 
leucocratic granites has a higher elevation as compared to the biotite granites. Also 
along the quartz vein due to the shearing associated with its intrusion in granites, 
there is a greater amount of water circulation thus resulting in the deepening of the 
weathering front along the contact zones. It has been proven by the construction of 
lithologs, which has been obtained from drilling along these contact zones. 
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Keeping in view the classical weathering profile, which has been explained 
earlier, Dewandel et al., 2006 has proposed a multiphase weathering profile for the 
Maheshwaram watershed. There are several striking features of the Maheshwaram 
weathering profile, which contradicts this classical weathering profile. They can be 
stated as follows: a) the thickness of the sandy regolith is constant throughout in 
Maheshwaram (1 to 3 meters) and the different layers follows the topography, 
whereas in a classical profile, this thickness is greater in the plateau areas than in the 
valleys if the original profile had not been eroded and the different layers are more or 
less parallel to the original palaeo-profile, (the thickness of the laminated horizon 
varies between 10 to 15 meters and is not in proportion with the thickness of the 
sandy regolith, whereas in the classical profile the laminated horizon occupies only 
half to two thirds of the saprolite layer and c) Observations in dugwells have also 
shown the relicts of ancient fissures (some of them active as well) in the laminated 
zone but in the classical profile the laminated zone is devoid of any fissures and 
there are no laminations in the fissured zone. 
The Maheshwaram watershed is thus believed to be consisting of an old 
weathering profile, where only a part of the fissured layer has been preserved. A 
regional uplift led to an erosion phase where the entire saprolite layer and a part of 
the fissured layer has been eroded (Dewandel et al., 2006). This was followed by a 
weathering phase, which has been responsible for the development of 1 to 3 meters 
thick sandy regolith locally capped by iron crust and the lamination of the ancient 
fissured zone. (Figure 3-4). 
The geodynamic history of the Indian subcontinent is believed to be 
responsible for this multiphase weathering profile. Pandey et al., 2002 have shown 
that the Hyderabad Granite Region (Maheshwaram forms a part of this region) is 
being uplifted and is continuing even now. They believe that a substantially thick and 
highly radioactive upper crust of almost 10 kilometers have been eroded due to the 
ongoing uplifting and periodic reactivation since the Archean era. Neotectonic 
uplifting is also evidenced by the high stress gradients measured in the crust and 
moderate seismic activity noticed in and around Hyderabad (Pandey et al., 2002). 
This continued uplifting and erosion did not allow the preservation of the complete 
Maheshwaram weathering profile and the saprolite and a part of the fissured layer 
was removed but since India continued to experience weathering conditions (tropical 
and humid), it induced a re-weathering of the previous truncated profile leading to the 
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Figure 3-4 Evolution of the weathering profile in Maheshwaram (from Dewandel et al,2006) 
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multiphase weathering model for the Maheshwaram watershed. The continued 
weathering and erosion phase also limited the vertical extent of the weathering (35 
meters in Maheshwaram) and favoured a condition where the weathering more or 
less followed the topography (Dewandel et al., 2006). See Figure 3-4. 
3.4.2 HydFodynamic properties of the weathered layers 
Saprolites: In granitic rocks the saprolite layer is characterized by a sandy or 
clayey composition and its hydrodynamic properties are characterized using the 
Equivalent Porous Medium approach (Acworth, 1987b; Compaore, 1997; Wright, 
1992). The hydrodynamic property of this layer shows a wide variation depending 
upon the host rock composition and the degree of weathering (Barker et al., 1992; 
Chilton and Foster, 1995). A high degree of weathering sometimes results in the 
formation of clay rich layers, which locally reduces the hydraulic conductivity. The 
hydraulic conductivity values calculated by Dewandel et al 2006 using flowmeter 
tests shows a variation from 1 x 10'^  to 3 x 10'^  m/s with a geometrical mean of 2 x 
10'® m/s for the Maheshwaram watershed. 
The base of the saprolite layer, which is also termed as the laminated horizon, 
is characterized by a very dense horizontal fissuring. The permeability value of this 
layer ranges from 5 x 10'^  to 3 x 10"^  m/s with a geometrical mean of 3 x 10"® m/s. 
(Dewandel et al, 2006). This zone of the saprolite layer is supposed to be more 
permeable. In general the permeability of the saprolite layer tends to decrease from 
the base to the top due to the formation of more clay rich minerals. In case of a 
multiphase weathering profile as seen in Maheshwaram, some relicts of the ancient 
fissures can be seen in the laminated horizon. Though most of these fissures are 
filled by clayey infillings but some still remain active and thus result in imparting 
higher permeability to the laminated horizon, but in general the conductivity of the 
fissures in the laminated zone is low as compared to the permeability of the fissures 
in the fissured layer. 
Fissured Layer: The hydrodynamic properties of the underlying fissured zone 
are dependant on the density of the fissures (Marechal et al., 2004). This layer is 
regarded as an anisotropic and heterogeneous medium. Due to the presence of a 
large number of fissures, this zone forms the most permeable part of the entire 
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weathering profile and tiie transmissivity of such aquifers is attributed to this zone. 
Available data from wells passing through this zone show a wide range of hydraulic 
conductivity depending upon the number of fissures encountered by these wells. It 
varies from 1x10"^ m/sec to 1x10"^ m/sec with a geometric mean of 1x10"^ m/sec. 
Marechal et ai 2004 found that the general hydraulic conductivity of this layer 
is a function of the number of fissures encountered during drilling rather than the 
higher permeability of an individual fissures. Hence the variation in the hydraulic 
conductivity from one well to another is a function of the number of fissures tapped 
by the wells and not due to the differences in hydraulic conductivity from one fissure 
to another. The hydraulic conductivity of this layer on a regional scale has been 
found to be the same al over the world in a similar kind of tectonic settings. The value 
ranges from lO'^ m/sec to 10"^ m/sec (Dewandel et al, 2006). The uniformity in the 
hydraulic conductivity of this zone shows that the same weathering processes 
through out the world affect the granitic rocks. 
It has been found that the hydraulic conductivity of these fissures does not 
decrease with depth, but the apparent decrease in permeability with the increase 
depth of drilling observed worldwide is an indication of the fact that the fissure density 
decreases with depths. 
Generally the contact between the saprolite and the fissured zone is 
characterized by a high density of fissures and has been shown by numerous 
workers (Cho et al., 2003; Houston and Lewis, 1988a; Howard et al., 1992; Wyns et 
al., 2004). This zone has been found to be relatively thin in case of young and 
reworked weathering profile as in the Maheshwaram Watershed where the thickness 
is about 2 meters, but it can reach upto 10-15 meters in case of old and preserved 
palaeo-profile. Due to the high density of fissures this zone is highly permeable and 
is believed to be the most permeable zone of the entire weathering profile. 
Fresh Basement: The underlying hard rocks constitute the base of the aquifer 
and comprises of fresh rocks. They are permeable only locally where some tectonic 
fractures may be present (Blomqvist, 1990; Pickens et al., 1987). This layer is of 
particular importance for the development of nuclear waste disposal sites. The 
Discrete Fracture Network approach holds quite true in this layer as the flow takes 
place only in the fractures and the blocks are considered as completely impervious. 
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3.4.3 Significance of ms^ping the weathered zones 
The mapping of the weathering profile is of significant importance in case of 
igneous and metamorphic rocks. It helps in the demarcation of the zones of adequate 
groundwater potential. The base of the fissured zone is regarded as the base of the 
aquifer as the fresh basement is practically devoid of any fissures. The base of the 
fissured zone can be demarcated using the geophysical techniques; interpretations 
of bore well drill cuttings and field geological investigations. Piezometric maps of the 
study area can help in assigning the thickness of the water column. This thickness 
multiplied by the specific yield of the aquifer will give the height of water column in 
the aquifer. The height of water column when multiplied by the total area of the 
watershed, will give the total groundwater reserves. An estimate of the total 
groundwater reserves in the area will definitely go a long way in assisting the 
planners and policy makers for formulating laws for the sustainable use of the 
groundwater resources. 
Mapping the different zones of weathering will also help in the preparation of 
the aquifer vulnerability map. Greater thickness of the saprolite and fissured layers 
generally makes potential aquifer zones and vice versa. Thus mapping these zones 
on a regional scale will help in protecting the areas with a thin weathering cover from 
over exploitation. 
Apart from these the thickness of the different zones are very important for the 
groundwater flow modelling in hard rock terrains and the aquifer parameter and the 
height of the different level above the mean sea level are very important for 
calculating the inflows and out flows across the watershed boundaries during water 
balance calculations. 
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4 Aquifer parameter estimation 
The present chapter deals with the comparison between the hydraulic 
properties of hard rocks and alluvial aquifers, the different analytic techniques used 
for interpreting pumping tests in general, the flow models suited for hard rock 
aquifers and finally some special analytical techniques which are suitable for aquifer 
parameter estimation in hard rock terrains. 
4.1 Hydraulic properties of hard rock aquifers compared to granular 
aquifers 
In alluvial or granular aquifers the well discharge is directly proportional to the 
drawdown (s). In other words with the increase in well discharge, the drawdown in 
the well increases accordingly. However, it is not the same in case of hard rock 
aquifers and the drawdown can increase very steeply after a certain discharge rate 
such that the well may go dry for a few seconds. After this the discharge is no longer 
continuous in nature. This is one of the characteristics of hard rock aquifers. 
In case of alluvial or sedimentary rocks the flow rate is directly proportional to 
the hydraulic gradient. In other words groundwater movement in such aquifers strictly 
follows the Darcy law. In hard rock areas this may not hold true due to the 
heterogeneous nature of the fracture matrix. It is a common observation that the yield 
of bore wells in close vicinity varies widely in case of hard rock aquifers. This 
variation in yield within short distance is not to be seen in alluvial aquifers. A simple 
explanation for this difference in yield in hard rocks is the heterogeneity of the 
fracture network; as a result some bore wells can tap the conductive fractures while 
others encounter no or very few fractures. See Figure 4-1. 
In case of wells located in granular aquifers, the drawdown in the observation 
wells around a pumping well will be uniform for a given radial distance. In general, 
farther is the distance of the observation well from the pumping well, lower will be the 
drawdown. Therefore, an observation well lying close to the pumping well will show a 
greater drawdown as compared to an observation well situated farther away. This 
fact does not hold true in case of hard rocks. Since the permeability is controlled by 
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the fracture orientation and distribution, which is quite heterogeneous, two 
observation wells situated at an identical distance from the pumping well can show 
an altogether different response. An example is given from the study area in Figure 
4-2 where two observation wells IFP 1-1 and IFP 1-2 are situated at the same 
distance of 22 m from the pumping well IFP 1, but show a completely different 
drawdown response. The hydraulic parameters namely transmissivity and storativity 
also varies widely in different directions even within short distances. 
well yield (It/min) 
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Figure 4-1 Farmer well in tlie Mahesiiwaram Watershed with varying yield 
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Figure 4-2 Drawdown vs time graph of the pumping and 2 observation wells in the study area 
Presence of structural feature in the form of quartz veins, dykes generally form 
hydrological boundaries and are quite common in hard rock areas. Sometimes they 
may not have any surface expression but act as barriers to the groundwater flow. 
Pumping tests were carried out in the south of the watershed along a quartz vein. 
Pumping well is situated along the contact zone of granites and quartz. The 
observation wells falling on the same side of the Quartz vein as the pumping well 
show good response whereas the observation wells lying opposite to the pumping 
well on the other side of the quartz vein do not show any response thus confirming 
the presence of impermeable boundaries. This has been dealt with in details in the 
^^ Chapter. 
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The table below summarizes the aquifer properties of hard rocks and granular 
rocks. 
Aquifer 
Characteristics 
Effective porosity 
Isotropy 
Homogeneity 
Flow 
Flow predictions 
Recharge 
Temporary head 
variation 
Water quality variation. 
Aquifer Type 
Granular rocic 
Mostly primary 
More isotropic 
More homogeneous 
Laminar 
Darcy's law usually applies 
Dispersed 
Minimal variation 
Minimal variation 
Fractured rocl( 
Mostly secondary through 
joints, fractures etc. 
Mostly anisotropic 
Less homogeneous 
Possibly rapid and turbulent 
Darcy's law may not apply, 
cubic law applicable. 
Primarily dispersed with 
some point recharge. 
Moderate variation 
Greater variation. 
Table 4-1 Comparison of aquifer characteristics for granular and fractured rocks 
4.2 Flow models for hard rock aquifers 
In general there are 3 types of approaches, which are used for the analysis of 
flow in fractured rock mass. The first is the continuum approach that treats the rock 
formation as an Equivalent Porous Medium. The second is the dual-porosity 
approach which assumes that the medium consists of two continua, one associated 
with the fracture networks and the other with a less permeable pore system of rock 
matrix block. The third is the Discrete Fracture Network Approach, which assumes 
that all the fluid movement takes place through the fracture network and the rock 
matrix is completely impermeable. 
4.2.1 The Equivalent Porous Medium Model 
According to the equivalent porosity model, the volume of interest is 
considered to be large enough that, on average, permeability is a sum of fracture and 
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porous media permeabilities. This approximation substantially simplifies the flow 
problem. Pruess, 1986 presented a model for a single equivalent continuum in 
unsaturated fractured rock in which hydraulic conductivity was taken as a sum of 
hydraulic conductivity from the porous medium and the fracture. Pruess, 1990 found 
that this approach was unacceptable in the presence of rapid flow transients, large 
fracture spacing, or with a very low permeability rock matrix. In broad terms, where 
the scales of integration are sufficiently large, the single equivalent continuum 
approximation will do a fair job of conserving fluid mass. It may, however, be a poor 
predictor of spatial and temporal distributions of contaminant fluxes. The equivalent 
porous medium model is applicable when the fracture network is dense and highly 
interconnected neglecting the contribution from the host rock or when the interaction 
between the fractures and the porous/permeable host rocks allows sufficient 
interaction to establish a local equilibrium (Berkowitz, 2002). 
4.2.2 The Dual Porosity Model 
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Figure 4-3 Different geometries of the Double Porosity Model 
The dual porosity concept was proposed initially by Barenblatt et al. in 1960. 
This model assumes the simultaneous existence of a reservoir of two continuous 
systems of distinctly different porosities and permeabilities. The fissures are 
characterized by a very high secondary permeability and low porosity where as the 
blocks have a relatively high storage associated with very low permeability. Thus the 
\fissures having high permeability, contribute to the well production and the blocks 
having a high storage coefficient act as the source. Since the first conceptualization 
of this model by Barenblatt et al in 1960, numerous advances in this field were made 
70 
in the years to come. It led to the classification of dual porosity model into two 
categories depending on the nature of the flux from the blocks to the fissures or the 
inter porosity flow (Hamm and Bidaux, 1996). The first assumes the pseudo steady or 
restricted inter porosity flow as was given by Barenblatt in 1960 and Warren and 
Root in 1963. The second category assumes transient or unrestricted inter porosity 
flow proposed by Kazemi, 1969 and Boulton and Streltsova, 1977. A new dual 
porosity model with a fracture skin was put forward by (Moench, 1984). According to 
this model mineral deposits at the fracture surface may impede the inter porosity 
flow. This was quantified by a new parameter called the fracture skin. In the absence 
of the fracture skin, Moench's model is similar to the transient inter porosity flow. 
However in the presence of a large fracture skin, Moench's solution is equivalent to 
the pseudo steady state with restricted inter porosity flow model. 
Thus the Double Porosity model allows the distribution of the porous medium 
into two distinct pore systems, the fissures and the blocks. These two components 
are considered to be homogenous individually and each having separate flow and 
transport properties (Gerke and van Genuchten, 1993). The two porous media 
exchange water and solutes reciprocally in response to the pressure head and 
concentration gradient. 
The Darcy law is assumed to be applicable for both the fracture and the matrix 
pore system. The two dimensional water flow in the in the two pore system is 
expresses as 
sA--
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Equations 4-1 and 4-2 describe the movement of water in the fracture and matrix 
pore system respectively where h is the total head (L), Ss is the specific storage (L"^ ) 
and K is the hydraulic conductivity (LT"''). (Of\s the storativity ratio which is defined as 
the ratio of fissure to total system (blocks plus fissures) storativities and can be 
expressed as 
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0) = -—^—fi Equation 4-3 
Sf+S„ 
Where S^  and Sm are the storativities of the fracture and the matrix blocks and /? is a 
factor depending on the geometry of the matrix blocl^ s, 
Fw is the exchange term (T^) describing the transfer of water between the two pore 
system. This exchange term is assumed to be proportional to the pressure head 
difference between the two porous mediums and is defined as follows: 
r.v = a . (^ / - ^«). (^w=—rJa Equation 4-4 
Where ow is a first order transfer coefficient for water (L"""!'^ ) and a is the distance (L) 
from the center of the block to the fracture boundary yw is a dimensionless empirical 
coefficient, also known as the transmissivity ratio and can be expressed as 
X = arj- ^ Equation 4-5 
Where rw is well radius. 
4.2.3 Discrete Fracture Network Model 
According to the discrete fracture network model all the flow takes within the 
fracture and the matrix blocks are considered as non porous and non permeable. 
The flow in the fractures is dependant on the geometry of the individual fractures and 
the continuity of the fracture network. However a lot of difficulties are associated with 
the spatial configuration of the fracture network. The networks are generally obtained 
from geological observations such as the orientations of joints on outcrops or from 
the joint distribufion pattern within boreholes. The three dimensional orientation of the 
fracture networks are then extrapolated from these data (Barton, 1995; Dershowitz 
and Herda, 1992; La Pointe, 2002). Another major problem which is encountered is 
that the hydraulically active fracture network is not the same as the geologically 
observed fracture network as not all fractures are connected and conductive. 
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Fracture network properties can be scale independent but sometimes can 
exhibit fractal scaling. The applicability of this approach to natural systems is quite 
limited These models are generally applicable where the area of interest is small 
They are specially useful in studying the transport of radio active elements through 
fractures as a result of nuclear waste disposal in in hard rock formations over long 
period of time. One of the major hurdles in Discrete Fracture Network Modelling is the 
unavailability of statistical information related to the fracture geometry in any given 
formation. 
4.3 Description of the various analytical techniques 
4.3.1 DarcyLaw 
The history of hydraulic tests dates back to the publication of Darcy law in 
1856. He established empirically that the flux of water flowing through a sandy 
formation can be calculated as 
Q = -KA{dh/dL) Equation 4-6 
piezometer tubes 
Horizontal pipe demonstrating Darc/s experiment 
Figure 4-4 Darcy's experiment 
Where A is the area of cross section of the sandy formation, dh is the difference in 
the hydraulic head of the water between the two given points of the sandy formation, 
dL is the length of the flow path, A is the cross sectional area of the sandy formation 
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and K is a constant which is known as the hydraulic conductivity and it serves as a 
measure of the permeability of the porous medium. 
Dividing both sides of Equation 4-6 by A we obtain the velocity v of the fluid at 
the outlet of the formation, keeping in mind that the flow is taking place through the 
entire cross sectional area of the aquifer. This velocity is referred to as the filtration 
velocity. 
V = — Ql A Equation 4-7 
dh/dl can be represented as i thus Darcy law in its simplest form can be expressed 
as 
V = —Ki Equation 4-8 
4.3.2 General Groundvcater Flow Equadons 
A mass balance must be performed, along with Darcy's law, to arrive at the 
transient groundwater flow equation. It is similar to the energy balance used in heat 
transfer to arrive at the heat equation. It states that for a given control volume, aside 
from sources or sinks, mass can neither be created nor destroyed. The conservation 
of mass states that for a given increment of time {At) the difference between the 
mass flowing in across the boundaries, the mass flowing out across the boundaries, 
and the sources within the volume, is the change in storage 
Qj^^ — Qg^if = Change in storage Equation 4-9 
Darcy law can also be expressed as 
V = —K dh/ds Equation 4-10 
74 
Qx,o 
Figure 4-5 Horizontal flow through the square element of an aquifer 
Where v, K and h have been defined earlier and s is the distance along the average 
direction of flow. Considering the horizontal flow through a square surface, the inflow 
and out flow in x direction can be written as 
e^,, = -T,D{dh/dx\--6 Q^^^ = -T,D{dh/dxl Equation 4-11 
Where Tx is the transmissivity in x direction, D is the length of the sides of the square 
(5A/Sx)-and {dh/dx) define the hydraulic gradient at the entry and exit faces of 
the square respectively. A similar equation can be written for the flow in y direction. 
Combining the flows in x and y direction and substituting it with the mass balance 
equation we get 
[Qx,i -Qx,o}+{Qy.i-Qy,ok SDdh/dt Equation 4-12 
Where S is the storage co-efficient. The above equation can be expanded as 
-T 
{dhldx\ - {dhldx\ ^ {dhldy), - {dh/dyl ^ dh 
D 'y D = -S dt 
Equation 4-13 
If the value of D becomes negligible, the derivative on the left side becomes the 
second derivative of h. Equation 4-13 can be rewritten as 
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d'^h 
+ L 
d^h 
•X ^ 2 y dx^ ' dy 
Equation 4-14 
(Qx,i) (Qx,o) 
Figure 4-6 Flow in a cubic element of an aquifer 
If the elemental square is replaced by a cube equation 4-14 can be rewritten as 
d^h d^h 
= S, 
dx' dy' dz' 
dh 
dt 
Equation 4-15 
The term Ss is the specific storage which is defined as the volume of water which a 
given volume of fully saturated aquifer will produce provided a unit change in 
hydraulic head is applied to it. 
Now if we suppose that the flow is steady then the component dh/dt 
becomes 0 and equation 4-15 can be expressed as 
rs2,7 d^h dh 
= 0 Equation 4-16 
dx' dy^ dz' 
If the aquifer is homogeneous and isotropic equation 4-16 is reduced to 
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dx^ dy^ dz^ 
Equation 4-17 is also known as the Laplace equation for potential flow. 
Radial coordinates are considered practical for determining the groundwater 
flow to wells. For unsteady flow in a homogeneous and isotropic aquifer equation 4-
14 can be written as 
d^h \dh Sdh ir ,• . i « 
_j Equation 4-18 dr'^ rdr T dt 
Where r refers to the radial coordinates of the well. For steady flow the equation can 
be reduced to 
^ + 1 ^ = 0 Equation 4-19 
ar^ r dr 
The equation which has been obtained above will be applied to obtain analytical 
solution for ground water flow in different environments. 
Dupuit, 1863 was the first to present an analytical solution to steady 
groundwater flow to wells in confined or unconfined aquifer. The problem of the 
increase in hydraulic gradient in the direction of flow in an aquifer was solved by him 
and his assumptions came to be known as the Dupuit flow. The assumptions are that 
(i) the hydraulic gradient is equal to the slope of the water table and (ii) for small 
water table gradients, the stream lines are horizontal and the equipotential lines are 
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4.3.3 Analytical techniques suited to homogeneous aquifers 
4.3.3.1 Dupuifs Equation and assumption for steady flow 
Replacing Ahy h and L by x in equation 4-6 we get 
q = -Kh{dh/dx) Equation 4-20 
Where h is the saturated thickness of the aquifer and x is the length of flow path. 
Integrating equation 4-20 we get 
K 9 QX = h +C Equation 4-21 
^ 2 
\i h = ho where x = 0, equation 4-21 becomes 
q = —\hQ^-h'^\ Equation 4-22 
This equation came to be known as the Dupuit equation and was one of the 
first analytical solutions for steady ground water flow to wells in confined and 
unconfined aquifer. 
However there was a gap of about 40 years when Thiem in 1906 developed a 
solution for steady state radial flow to wells. Application of Darcy's law to a steady 
rate cylindrical flows at the pumping well gives an equation 
r« ^  Q 1 . ^2 h') -h =—^In 
^ ^ ITTT vnJ 
Equation 4-23 
Where hi is the water table depth at distance ri from the pumping well and h2 is the 
water table depth at a distance r2 from the pumping well. Q is the rate of discharge 
rate at the pumping well and T is the transmissivity of the formation. T Is replaced by 
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K (hydraulic conductivity) in case of unconfined or water table aquifers. Determining 
the permeability values from the Theim equation requires the presence of two 
piezometers located at different distances from the pumping well and secondly the 
pumping duration must be long enough for the drawdown to approach a near steady 
state condition. The limitation of the Theim equation is that it is not possible to obtain 
the storage coefficient or specific yield values of the aquifer. 
4.3.3.2 Unsteady radial flow to wells 
It took some another 30 years of detailed investigation when C.V.Theis in 
1935 formulated an analytical solution which formed the basis for most of the 
Interpretation techniques which have been developed so far. Theis equation was 
based on the fact that if a well is being pumped in a homogeneous confined aquifer 
of infinite aerial extent, the influence of the discharge extends outward with time. The 
rate of decline in head multiplied by the specific storage of the aquifer over the area 
of influence will be equal to the discharge. Since the water is obtained from the 
reduction in storage within the aquifer, the hydraulic head will continue to decline with 
time if the aquifer is of infinite extent and hence the use of the term unsteady or 
transient flow. 
Theis solved the equation 4-19 for two dimensional radial flows to a point 
source in an infinite homogeneous aquifer based on the analogy between ground 
water flow and heat conduction 
d^h \dh Sdh ^ ,. ,,^ 
I — Equation 4-24 
dr^ rdr T dt 
Replacing the well with a mathematical sink of constant strength and putting 
the boundary conditions 
h = hQ at / = /Q , and /j - » ^ as r ^^ oo for / > 0 we get the equation 
^ 3z ^ f Equation 4-25 
47rT j^ u 
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Where Q is the constant well discharge and 
u = AtT 
Equation 4-26 
Equation 4-25 came to be known as Theis or non-equilibriunn Equation.This can be 
expanded as a convergent series so that it can be written as 
s-
Q 
AnT 
2 3 
u u 
-0.5772-lnM+M + — + , 
2.2 3.3 
Equation 4-27 
This infinite series term in equation 4-27 was termed as the well function and is 
denoted as W(u).lh\is the final equation becomes 
ATTT ^ ^ 
Equation 4-28 
Where r is the radial distance of the observation well from the pumping well, S is the 
storage coefficient of the aquifer; T is the transmissivity of the aquifer 
Equation 4-26 can be rearranged as 
t 
u 
Equation 4-29 
Thus the relation between s and /^/Tis same as the relation between W(u) and u 
A logarithmic plot of W(u) for a wide range of u is available which serves as 
our type curve. The value of drawdown s is plotted against the values of i^A on a 
logarithmic plot of the same type after the pumping test has been conducted. The 
observed time drawdown data is superimposed on the type curve keeping the two 
axes parallel and adjusting the data plot such that most of the observed points fall on 
the same portion of the type curve. Any arbitrary point is then selected as the match 
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point (not necessary on the type curve). From the match point the value of s and r^/t 
is obtained and the land S values can be obtained from equation 4-28 and 4-29. 
Theis equation had numerous distinct advantages over the steady radial flow 
equation of Theim. It is possible to calculate the storage coefficient of the aquifer with 
Theis equation. Besides, only one observation well is required for determining the 
hydraulic parameters. Other advantages include the shorter duration of pumping for 
obtaining the desired parameters and no assumption of steady state flow condition is 
required. 
The Theis solution proved to be the real turning point in the history of aquifer 
parameter estimation. Numerous analytical solutions came forward by adding more 
complexity to the aquifer and to the boundary conditions within the aquifer and at the 
well (Renard, 2005). 
4.3.3.3 The Cooper-Jacob Method 
Cooper and Jacob in 1946 modified the Theis equation to give a straight line 
method for determining the T and S values. They noted that for long duration of 
pumping the value of ln(u) in equation 4-27 becomes negligible and the equation can 
be expressed as 
s-Q 
4nT 
-0.5772-In w 
4Tt 
Equation 4-30 
Changing to decimal logarithms, the equation reduces to 
230Q, 2.25Tt „ ,. , , , 
g — ^ JQCT Equation 4-31 
Equation 4-31 will plot as straight line on a semi log graph paper. This holds true for 
small values of r and large values of t. Thus a straight line on the graph can be 
obtained only after sufficient time has elapsed. A straight line is drawn through the 
observed field data points and extended backwards to the zero drawdown axis. The 
line will intercept this axis at some positive value of t. This is termed as to. The value 
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of drawdown per log cycle As is calculated from the slope of the line. The values of T 
and S can be calculated from the equations 
rr, 2.30O 
X = ^ Equation 4-32 
ATIAS 
^ _ 2.25TtQ Equation 4-33 
The advantage of Jacobs straight line method over Theis is that transmissivity 
values can be obtained by measuring the drawdown in the pumping well itself. 
However due to the turbulent head losses at the pumping well it is not possible to 
detemriine the storativity and hence an observation well is also required. 
Jacob in 1947 introduced the analysis of the non-linear head losses within 
pumping well during step drawdown tests. The details of this method have been 
discussed in the next chapter. 
All the analytical solutions described above was based on the equivalent 
porous medium approach assuming that the aquifer is confined, homogeneous and 
isotropic, having an infinite aerial extent and at rest. 
4.3.3.4 Flow in a leaky confined aquifer - Hantush method 
The leakance approach which was proposed by Hantush in 1956 is applicable 
to semi confined aquifers, underlying or overlying an aquitards through which a small 
exchange of water is taking place. Such types of aquifer show a behavior 
intermediate between confined and unconfined aquifers. 
The solution is based on the slight modification of radial unsteady flow 
equation in Equation 4-24. 
The equation can be modified and rewritten as 
dh^idh {h,-h)K jdh ,^„^,„„,.3, 
dr^ rdr fb T dt 
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Where K is the vertical hydraulic conductivity of leaky layer and b' is the thickness of 
the leaky layer and ho-h is the drawdown. The following assumptions are generally 
taken into account: leakage through the confining bed is vertical and is proportional 
to the drawdown. The head in the formation contributing to leakage is constant and 
the storage in the confining bed is negligible. 
Equation 4-34 can be rewritten as a Theis equation as 
ho-h = — W{U, r/B) Equation 4-35 
ATTT 
Where 
^ = Equation 4-36 
4Tt 
And 
B = [Tb/K I Equation4-37 
Equation 4-37 came to be known as the Hantush-Jacob equation for leaky aquifers 
and the tenri B came to be known as the leakage factor. 
Apart from these there were several workers who devised different analytical 
techniques for determining the aquifer parameters by adding more complexity to the 
fundamental Theis equation. There exists a method for analyzing the effect of an 
unsaturated zone in the confined aquifer (Boulton, 1954), the effect of partially 
penetrating wells (Hantush, 1961) and large diameter bore wells (Papadopoulos and 
Cooper, 1967). 
One common assumption for all the methods mentioned and described above 
was that they were based on Theis assumption of radial flow in a homogeneous 
aquifer of infinite aerial extents. These methods were not useful when they were 
applied to fractured media or in hard rocks where the aquifer is heterogeneous due to 
the uneven development of secondary porosity. There are numerous examples 
where the flow is not radial and hence the aquifer parameters which were estimated 
using conventional methods were far from the actual field values in crystalline hard 
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rocks. This led to the necessity for devising techniques which could better model the 
aquifer parameters in hard rocks. 
4.3.4 Analytical techniques suited to hetETOgeneous aquifers 
4.3.4.1 Double Porosity Model 
The first analytical solution for determining the aquifer parameters in hard 
rocks was proposed by Barenblatt et al in 1960 which was based on the fact that a 
fractured media can be represented by two overlapping continua namely the fracture 
network and the porous blocks. The exchange between the two media can be either 
stationery (Warren and Root, 1963) or it can be transient (Boulton and Streltsova, 
1977). Moench in 1984 introduced the concept of fracture skin in the Warren and 
Root Model. The details and the governing equations of the Double Porosity Model 
have already been discussed in section 4.2.2. 
4.3.4.2 Neuman Method 
This method is well suited for anisotropic unconfined aquifer. It is generally 
observed that a pumping test in an unconfined aquifer shows a difference in the 
drawdown rates from those predicted by traditional methods (Neuman, 1975). The 
plot of time versus drawdown data on a graph generally shows an S shaped curve 
consisting of steep segments at early time, a flat segment at the intermediate times 
and again a steeper segment at later times. This behavior is assumed to be a result 
of delayed yield or delayed gravity response. Neuman solution under abacus gives 
reduced drawdown in observation wells located at a radial distance r from the 
pumping well. 
ATTTS 
Sr\'\J =^ Equation 4-38 
3^ 
As a function of reduced time ts 
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Tt 
f _ ^'' Equation4-39 
For Type A curves and reduced time ty 
^ _ ^^ Equation 4-40 
for type B curves where T is the transmissivity of the aquifer, S is the storage 
coefficient, Sy is the specific yield, s is the drawdown and t is the time since pumping 
and r is the distance between the pumping well and the observation well. The 
procedure involves the fitting of the observed drawdown on the abacus constituted by 
two type cun/es. Type A curve is for the short times and Type B curve is for the late 
times. Both the curves are characterized by the same parameters. 
Q - ' ^D Equation 4-41 
Where b is the saturated thickens of the aquifer and KD is the ratio of the vertical to 
the horizontal hydraulic conductivity. 
J^ — V Equation 4-42 
Where Ky is the vertical hydraulic conductivity and Kh is the horizontal hydraulic 
conductivity. 
4.3.4.3 Gringarten-Witherspoon's Method 
If a well intersects a single vertical fracture then the drawdown produced in the 
well as a result of pumping differs significantly from that predicted by Theis solution. 
Numerous solutions to this problem were proposed but all resulted in erroneous 
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results. However a major breakthrough was achieved by considering the fracture to 
be a plane, vertical of relatively short length and infinite hydraulic conductivity. The 
basic concept underlying the analytical solution is that the aquifer is confined, 
homogeneous, isotropic and of infinite aerial extent and is dissected by a single 
vertical fracture from top to bottom resulting in a uniform drawdown over the entire 
fracture length. This results in the flow of water from the aquifer to the fracture. 
During the initial stages of pumping the flow is one dimensional meaning that the flow 
is taking place either perpendicular or parallel to the fracture. With the increasing 
pumping time, the flow changes from one dimension to two dimensions. (Radial flow 
begins). Sometimes it requires a long pumping duration to reach that pseudo-radial 
flow. However once this state is reached classical interpretation methods can be 
applied. 
Gringarten and Witherspoon in 1972 gave the following equation for the 
pumping well. 
s=Q F(wyyr j Equation 4-43 
ATTT 
Where 
^^ Equation 4-44 
< V x ^ + F^ Equation 4-45 
r =• 
^f 
Where S is the storativity of the aquifer, T is the transmissivity; Xf is the half length of 
the vertical fracture, X, Y is the distance between the observation and pumping well 
measured along the x, y axes respectively. 
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Figure 4-7 Plan view of the pumping well intersected by a vertical fracture of finite length and 
infinite hydraulic conductivity 
It is seen that the drawdown In the observation well is not only dependant on 
the aquifer characteristic but also on the spatial relationship between the geometry of 
the fracture and the observation well. 
4.3.4.4 Barkers Generalized Radial Flow Model 
Analyzing time drawdown data in fractured aquifers poses a problem of 
choosing the appropriate aquifer geometry. If the fracture density is high and the 
distribution is isotropic, a three dimensional flow geometry may be appropriate. If the 
fracture density is very low such that the flow is taking place only along the fracture 
length, then flow geometry of one is applicable. Unsteady radial flow in a 
homogeneous aquifer has a flow dimension of two. It was Barker in 1988 who first 
proposed an analytical solution for pumping in fractured rocks taking into account the 
flow dimension based on the fracture geometry. Barker's theory is a generalization of 
the Theis theory which takes into account a radial flow of n dimension into a 
homogeneous confined and isotropic fractured medium having a hydraulic 
conductivity kf and a specific storage Ssf. The model takes into account the flow 
dimension which can vary from 0 to 3 depending upon the arrangement of fractures. 
The value of flow is 3 in case of spherical flow. It is 2 in case of cylindrical flow and 1 
when it is a linear flow. The parameter n can taken any fractional value between 0 
and 3. 
The transient drawdown in the aquifer using this concept can be expressed as 
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sirj) = 
'2-« r^ \ Qr~ ^i n 
4;r"-2^^^3-« U -l,w J 
Equation 4-46 
U = — -V Equation 4-47 
4Kft 
Where 
00 
r(a, X) = le'U'^'^dt Equation 4-48 
Equation 4-48 represents the incomplete gamma function, r is the radial distance 
from the pumping well, Q is the pumping rate and t is the time. 
A whole lot of literature exists on the interpretation of different hydraulic tests 
in homogeneous medium as well as for fractured rocks. The application of any 
particular analytical technique will be based on geological investigation of the area. In 
the recent times new methods of interpretation have come which is based on the 
analysis of derivative of drawdown versus time plots. It will be discussed in details in 
the next chapter where the results of the hydraulic tests carried out in the 
Maheshwaram watershed has been presented in details. 
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CHAPJ^^$ 
5 Hydrogeological investigations 
It has already been discussed in tlie earlier chapters that the Maheshwaram 
watershed is a true representative of a typical hard rock area in a rural setting with a 
semi-arid type of climate. Due to agricultural practices being very common in such 
areas there is a huge demand of groundwater. Most of the cultivated area in the 
watershed is covered by paddy fields which require high amount of standing water for 
its growth. Keeping such factors in mind it was very necessary to quantify the water 
potential in the area. With the absence of any surface water bodies, except for a 
couple of tanks, all the requirements is met with groundwater. 
Numerous different types of hydraulic tests have been carried out in the 
watershed both at the borewell scale as well as the watershed scale to determine the 
aquifer parameters. In hard rock terrains the presence of heterogeneities makes it 
almost impossible to determine the aquifer parameters with classical methods such 
as Theis which is based on the assumption of homogeneous, isotropic aquifers of 
infinite aerial extent. A number of different analytical techniques specially suited for 
hard rock environment can be applied depending upon the aquifer geometry to have 
a reliable estimate of the aquifer hydraulic properties. The different hydraulic tests 
and their results and interpretation have been discussed in the proceeding sections. 
5.1 Slug test 
5.1.1 Theory 
It is based on the principal of the analysis of the rate of water level fluctuation 
in a well after a certain volume of water (slug) has been suddenly added or removed 
from a well. However one limitation of conducting slug tests in this manner is that if 
the wells are being conducted for environmental monitoring purposes its is not 
advisable to inject or take out a certain volume of water as it may disturb the ambient 
water quality or it may produce hazardous wastes. To overcome this problem it is 
common to insert an iron cylinder of a known volume in the well. The length of the 
cylinder may vary from 1 to 1.5 meters with a cord tied to one end which facilitates 
the cylinder to be lowered quickly below the water level and later to be quickly raised 
above the water level. This instantaneous lowering and raising of the slug in the 
borewell causes a cone of depression or suppression, which can be related to a 
pumping or injection tests. The corresponding changes in water level are recorded in 
the borewell with the help of a water table recorder. With this record of the rate of 
recovery or recession of the water level, the transmissivity or the hydraulic 
conductivity of the bore hole can be measured (Kruseman and de Ridder, 1994). 
Generally slug tests can yield good results of hydraulic conductivity for formations 
which have low permeability. For highly permeable formations such as alluvial 
aquifers slug tests can not be very successful as the disturbance in water level 
created by the slug dissipates very fast in the formation and it is difficult to measure 
the corresponding water level changes. Of course the development of automatic 
water level recorders with the capability of taking regular measurements every few 
seconds have solved the problem to a great extent even for highly permeable 
formations. 
Numerous analytical models for the interpretation of slug tests in low 
permeability formation exist such as Hvorslev, 1951; Cooper et al., 1967; Bouwer 
and Rice, 1976. Over the last 30 years a number of methods for determining the 
hydraulic conductivity of highly permeable aquifers have also been developed but 
they have been not so popular in application because of several varied reasons. 
These methods include Van der Kamp, 1976; Kipp, 1985; Springer and Gelhar, 1991; 
Butler, 1997; McElwee and Zenner, 1998 models. 
In the Maheshwaram watershed the Bouwer and Rice, 1976 method has been 
used for interpreting the slug tests. This method is applicable for unconfined aquifers 
and confined or stratified aquifer as long as the top of the screened casing is below 
the base of the upper confining layer. 
The calculation from Bouwer and Rice method is based on the Theim equation 
of steady state flow to wells. The equation can be written as 
i^=:iM^i/^)li„zo ,,„.„..,, 
IL T y, 
QA 
Where fc is the radius of casing 
yo is the difference in water level at time = to and yt is the difference in water level at 
time t. 
Ro is the effective radial distance over which y is dissipated and is varying with 
well geometry, rw is the well radius, L is the length of the portion of the well through 
which water enters and t is the time. Re is the only parameter which depends on the 
geometry of the well and the flow system. Pre established curves allow the 
evaluation of ln(Re/rw) using an abacus (Bouwer and Rice, 1976) giving parameters 
as a function of LVrw. 
The field data should fall on a straight line when they are plotted as In yt as a 
function of time. Thus the expression (1/t)ln{yo/yt) corresponds to the slope of the 
straight line. 
Since the aquifer and well geometry is required for the calculation of k using 
this method, it is necessary to have a fairly good idea of the aquifer thickness and 
well depths before the analysis and interpretation of the slug test. Since a weathering 
grade mapping has been done for the watershed the details of which have been 
discussed in Chapter 3 it was fairly easy to determine the aquifer thickness at the 
given well locations. The interface between the base of the fissure horizon and the 
top of the fresh granite is taken as the base of the aquifer. Thus any well drilled in 
this fresh granite is not considered for the calculation of K. Numerous Flowmeter 
tests have also confirmed the above fact that most of the transmissive fractures are 
limited to the fissured horizon (Marechal et al, 2004). The water present in wells 
drilled below the fissured zone has been considered as dead water as they do not 
take part in the exchange between the well and the aquifer. 
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Figure 5-1 The different possible aquifer geometry 
In the figure above L is the height of the portion of the well through which water can 
enter. H is the height of the water table in the well and D is the total thickness of the 
aquifer. In Maheshwaram in most of the conditions the wells are fully penetrating thus 
the value of D is equal to H, The value of L is dependant on the casing depth. If the 
casing extends well below the water table then the value of L will be less than H and 
it will be equal to H if the casing is above the water table. 
5.1.2 Methodology 
A slug test cycle comprises of two phases; the injection phase and the 
pumping phase. The rapid insertion of the slug in the borewell causes a sudden 
increase in water level and after it is followed by a gradual fall in order to reach the 
static water level. 
Similarly when the slug is removed suddenly there is a sudden fall in the water 
level and then gradually the water level reaches its initial position. The time taken to 
reach the initial water level during the injection and pumping phase is a direct 
function of the permeability of the formation. Data have been recorded using the 
automatic water table recorders and is coupled with manual measurements for 
maintaining the accuracy of the recorded data. 
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Graph 5-1 The response of the water table during a slug test at IFP 1-1 
5.1.3 Data Processing 
For assuring the quality of the drawdown and recovery data obtained during 
the slug test, the cycle is repeated 3 to 4 times. Under ideal conditions after each 
injection and pumping phase the water level must reach the initial static level. 
However in practice it was not found and the final static water level after each pulse 
showed a slightly increasing or decreasing trend with respect to the initial static water 
level. This trend may be a result of the pumping in nearby farmer wells or recovery 
after the farmer wells has been stopped. Thus a trend line is drawn from the final 
water level data recorded after each pumping or injection phase. The slope and 
intercept values of the trend line are applied for each time interval to get a value of 
drawdown or recovery at that point. The difference in the initial static water level and 
the water level obtained from the trend line is added to the observed data to get a 
final record of the changes in water level with time without any trend. 
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5.1.4 Results 
The data recorded in the field is the water level from which the recovery or 
drawdown at any given point is calculated. The plot of natural log of drawdown or 
recovery versus time gives a straight line. Finally the hydraulic conductivity of the 
borewell is obtained from the slope of the straight line and the borewell geometry 
using the Bouwer and Rice method. 
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Graph 5-3 Straight lines corresponding to the different pulses 
Slug tests campaign have been carried out twice in the watershed. The first 
one was carried out in 2002 on the Indo-French borewells which were drilled purely 
in granites exposed in the watershed. 25 slug tests were carried out during this 
campaign. The second campaign in which 29 slug tests were carried out in 2005 
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included the Indo-French borewells drilled in the watershed as well as some outside 
the watershed boundaries. These borewells were drilled along the contact zones of 
granites and quartz and granites and syenites and the contact between the different 
types of granites. The values of hydraulic conductivity obtained for the different 
borewells during the first campaign ranged from 5.5 x 10"^  m/sec in IFP-7 to 2.05 x 
10'® m/sec in IFP-25. (Charlier, 2002) During the second phase of slug tests the 
highest hydraulic conductivity value was obtained for IFP-27/4 which had a value of 
2.58 X 10"^  m/sec and the lowest value was obtained at IFP-29/2 where the hydraulic 
conductivity was 1.06 x 10'® m/sec. (Guillon, 2005) The details of the bore well and 
the K values obtained from the slug tests (2005) have been given in Table 5-1. 
Well 
IFP 1/1 
IFP 1/4 
IFP 1/5 
IFP 1/6 
IFP 1/7 
IFP 1/8 
IFP 1/9 
IFP 27 
IFP 27/1 
IFP 27/2 
IFP 27/3 
IFP 27/4 
IFP 27/5 
IFP 27/6 
IFP 29/1 
IFP 29/2 
IFP 29/3 
IFP 30/1 
IFP 30/2 
IFP 30/3 
IFP 30/4 
IFP 30/5 
IFP 30/6 
IFP 30/7 
Depth 
(m) 
59.5 
68.6 
73.2 
73.2 
59.4 
54.9 
59.4 
36.6 
28.9 
45.7 
45.5 
45.5 
44.3 
42.7 
50.3 
55.8 
50.3 
91.4 
45.7 
50.3 
50.3 
77.7 
50.3 
64 
Water 
Level (m) 
17.86 
21.37 
22.3 
19.36 
19.7 
21.84 
19.05 
18.55 
17.86 
17.57 
18.25 
18.56 
17.47 
17.35 
19.72 
19.96 
19.74 
27.94 
22.7 
24.96 
22.78 
24.57 
23.75 
25.08 
Aquifer 
Thickness (m) 
33.14 
56.33 
9.7 
31.64 
24.3 
19.16 
29.95 
17.95 
21.14 
18.43 
24.25 
22.44 
21.53 
14.05 
18.78 
15.04 
24.26 
63.46 
18.3 
11.54 
19.22 
53.13 
26.55 
26.42 
Basement 
depth (m) 
51 
77.7 
32 
51 
44 
41 
49 
36.5 
39 
36 
42.5 
41 
39 
31.4 
38.5 
35 
44 
91.4 
41 
36.5 
42 
77.7 
50.3 
51.5 
K, Slug Test 
(m/s) 
3.17E-06 
7.55E-07 
2.87E-06 
3.07E-06 
3.91 E-06 
6.53E-06 
5.96E-06 
6.55E-06 
1.45E-06 
1.35E-06 
5.16E-06 
2.58E-05 
2.13E-05 
1.31E-05 
1.63E-08 
1.06E-08 
3.51 E-06 
5.60E-07 
5.60E-07 
8.45E-08 
8.79E-06 
5.13E-06 
5.05E-08 
4.46E-07 
Table 5-1 Details of slug test carried out in 2005 
Hydraulic conductivity has been calculated during the injection and pumping 
phases during the slug tests. Generally the hydraulic conductivity values obtained 
during the injection phase is slightly higher than the values obtained during the 
Q<; 
pumping phase. This difference can be explained by the fact that the injection phase 
generally involves a greater zone of investigation due to the rise in water level (the 
water level rises when the iron cylinder is inserted in the borewell) as opposed to the 
pumping phase. Thus the possibility of finding transmissive fractures increases 
during the injection phase and hence the corresponding increase in hydraulic 
conductivity. 
5.1.5 Conclusion 
Graph 5.4 shows the log normal distribution of the hydraulic conductivities 
estimated by slug tests conducted in borewells which were drilled entirely in granites. 
A log normal trend was obtained with a geometric mean of 7.3 x 10"°^  m/s. 
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Graph 5-4Normal histogram of permeabilities obtained from slug tests in granite aquifers in 
Maheshwaram, India (Marechal et al, 2004) 
Graph 5.5 also shows a log normal distribution of permeabilities calculated 
from slug tests which were carried out on borewells which have been drilled along 
the contact zones. The geometric mean values for these tests come to around 2.2 x 
10"°^  m/s. On a regional scale it appears that the permeability value along the contact 
zone is less than that in the granites. However, the wells in quartz veins have shown 
a high variation in the hydraulic conductivities which may be probably due to more 
heterogeneity associated with them. This has been confirmed by the long duration 
pumping tests which have been carried out in Quartz veins. 
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Graph 5-5 Normal histogram of permeabilities obtained from slug tests along contact zones in 
Maheshwaram, India 
Though the slug tests have given relatively good information about the 
hydraulic conductivities in the immediate vicinity of the borewells, it is not possible to 
have a regionalized permeability of the aquifer on a watershed scale as the volume 
of formation affected by a slug tests generally falls within a radius of 1 to 2 meters 
around the borewell (Rovey, 1998). The second problem encountered during slug 
tests experiments is that the K values obtained are slightly less as compared to the 
values of hydraulic conductivity obtained from pumping tests. One of the most 
significant factors responsible for giving these low values of permeability by slug tests 
is the presence of well skins, which is a zone of altered permeability immediately 
surrounding the well caused by drilling disturbances. This factor of skin can be 
minimized to a considerable extent if proper well development and cleaning has been 
done prior to carrying out the experiments. 
Although, the slug tests interpretation provides the permeability values around 
the immediate vicinity of the borewells but this method combined with Discrete 
Fracture Network Models and Application of the Theory of Regionalized variables 
have provided meaningful results in regionalizing as well as up-scaling the parameter 
(Bmeletal.,2002). 
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5.2 Specific Capacity 
Specific capacity data are quite useful for calculating the transmissivity of the 
aquifers and should be used in hydrogeological studies. Since it is easy to carry out 
specific capacity experiments at different locations as compared to pumping tests 
which involves a lot of money and time, it is possible to have a number of 
transmissivity estimates in a given area thus helping in a geostatistical and spatial 
description of transmissivity and hydraulic conductivity (Ahmed, 1987; Mace, 2000 
etc.). A specific capacity test comprises of pumping a given well at a constant rate 
and then noting the drawdown at the end of pumping. Specific Capacity of the well is 
then obtained by dividing the discharge rate with the drawdown observed at the end 
of pumping. 
S^ = Ql S Equation 5-2 
Where Sc is the specific capacity, Q is the discharge and s is the drawdown. Ideally 
the well is pumped till the time when there is a negligible change in drawdown with 
time. The data required for a specific test refers to a point on the time drawdown 
curve a pumping test. As already stated earlier that specific capacity data are easily 
available and abundant as pumping tests, relating specific capacity to transmissivity 
values can increase the transmissivity estimates of an aquifer. 
History of using specific capacity for quantifying the aquifer hydraulic 
parameter dates back to the mid nineteenth century when Michal, 1863 published a 
paper where he described a relationship between the discharge of an artesian well in 
Paris and drawdown using the ratio of discharge to drawdown. It has been regular 
practice by well drillers to determine the depth for installing the pump for obtaining 
optimum yield using the specific capacity tests. In the recent time it has been used by 
workers for characterizing contaminant sites. (Wynne, 1992) 
Specific capacity of a given well is a direct function of the aquifer setting, well 
setting and pumping duration. (Mace, 2000). Aquifer setting will include the aquifer 
type i.e. confined, unconfined, homogeneous, fractured and the presence of 
boundary conditions. Greater transmissivity and storativity values will result in a 
higher specific yield as the observed drawdown will be less. An unconfined aquifer of 
98 
the same transmissivity as a confined aquifer will show a low specific capacity values 
owing to the delayed yields as a result of the partial dewatering of the aquifer 
(Boulton, 1954; Neuman, 1972). 
Well settings such as the well radius, well losses due to well construction and 
degree of penetration affect the specific capacity. A large diameter well will show a 
high specific capacity value as result of the low observed drawdown in the well due to 
its high storage capacity. In general well having partial penetration in the aquifer 
show less specific capacity as compared to completely penetrating wells. Laminar 
and turbulent head losses in the well will result in an underestimation of the specific 
capacity as the actual drawdown in the aquifer will be less as compared to the 
observed drawdown in the well. 
For transient pumping condition specific capacity is also a function of the 
pumping duration. With the increase in pumping duration, the drawdown goes on 
increasing thus resulting in a decrease in specific capacity with time. 
A number of different methods exist in the literature for estimating the 
transmissivity from specific capacity and for reducing the error on specific capacity 
estimations under non ideal conditions such as partial penetration, fracture flow or 
turbulent head losses. The approaches include analytical, empirical and geostatistical 
approaches. However here we will only emphasize on the analytical approach. 
The first analytical solution for establishing a relationship between 
transmissivity and specific capacity was given by Thomasson et al, 1960 which was 
based on the Dupit-Thiem steady state equation. Later on Theis in 1963 developed a 
more definitive approach using the Theis non equilibrium equation. 
5.2.1 Solution based on Dupit-Theim Equadon 
Thomson et al, 1960 were the pioneers in relating the transmissivity to specific 
capacity. Their analytical solution was based on the Dupuit-Theim equation 
Q J R 
Sw = -^— In 
Equation 5-3 
Vw/ 
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Where T is the transmissivity of the aquifer, Sw is the drawdown, R is the radius of 
influence of pumping, rw is the well radius. Thus solving for T the equation becomes 
T = Equation 5-4 
Where Q/Sw is the specific capacity and can be denoted as Sc. Equation 6-3 can be 
rewritten as 
T = Cc*Sc Equation 5-5 
Where 
Q = — In— 
v2^ ^wJ 
Equation 5-6 
Equation 5.5 is the equation of a straight line with a slope equal to Cc and the 
intercept at 0. The approach assumes that the water levels are in a steady state and 
that it is independent of the storativity, partial penetration and well losses. 
The Dupuit-Theim equation requires the assumption of the radius of influence 
which is a function of the aquifer transmissivity .The greater the transmissivity greater 
will be the radius of influence. Also the radius of influence will be greater for confined 
aquifers as compared to unconfined aquifers with the same values of transmissivity 
(Driscoli, 1986). Therefore since Cc is dependant on the transmissivity it results in a 
non linear relationship between transmissivity and specific capacity. 
5.2.2 Solution based on Theis non equilibrium equation 
Theis et al 1963 presented an equation which relates transmissivity to the 
specific capacity. It is based on the Theis unsteady state radial flow equation which is 
written as 
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0 ( Tt\ 
47IS ^r^sJ 
This can be rewritten as 
Equation 5-7 
*S f Tt \ 
Kr'^S) 
Equation 5-8 
Where Sc is the specific capacity, T is the transmissivity, t is the time since pumping, 
r is the well radius and S is the storage coefficient of the formation. Since T is on both 
sides of the equation it can be solved graphically or by a small computer based 
program. Here the computer based program has been used to calculate the 
transmissivity value iteratively for a given specific capacity. This method has been 
taken from Mace, 2000. Here all the values are known except for T. 
This method has been used to determine the transmissivity values of the 
aquifer in Maheshwaram watershed. The value of storage coefficient has been taken 
from the mean storage coefficient calculated for the area from long duration pumping 
tests (Marechal et al., 2004). This approach is better than the Thomasson et al., 1960 
method as there is no requirement to calculate the radius of influence and the 
unsteady state conditions or transient conditions are also considered. This approach 
has been widely used by different workers for calculating the transmissivity from 
specific capacity values (Bradbury and Rothschild, 1985; Gabrysch, 1968; Walton, 
1970). 
5.2.3 WeUloss 
The drawdown obsen/ed in a well during pumping usually has two 
components. First is the drawdown due to the head loss in the formation and the 
second is the drawdown due to the head loss due to resistance to inside and outside 
the well. Drawdown resulting due to the head loss from resistance to flow into the 
well is termed as the head loss and it can be turbulent or laminar. It results generally 
from improper well development or due to well screens with insufficient open area. 
As a consequence of this the observed drawdown in a borewell is greater than the 
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actual drawdown in the aquifer. Tlie total drawdown in a well St is the sum of the 
head loss in the aquifer Sa and the head loss in the well, Sw 
^t ~ ^a '^ ^w Equation 5-9 
Therefore in a well where head loss is taking place the specific capacity values are 
under estimated. The actual value of specific capacity for a well can be expressed as 
Sc=Q/Sa Equation 5-10 
The well loss component is not taken into account for calculating the specific yield. 
5.2.4 Step Drawdovm Test 
It was Jacob in 1947, who developed a method to calculate the head losses at 
the well and the aquifer. This method was the step drawdown test which basically 
was a multiple specific capacity test carried out in the same well at different pumping 
rates. It consists of 3 to 5 pumping steps each with successively higher pumping 
rates. Under ideal conditions it is recommended that the water level is allowed to 
recover after each pumping step (Driscoll, 1986), but continuous pumping is more 
common (Graph 5-6). 
Graph 5-6 Drawdowan versus Time Graph for different discharge rates during a Step 
Drawdown test 
ifBE "ST** 
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The total drawdown observed in a well can be expressed as 
s = BQ-^CQ' Equation 5-11 
Where BQ is the linear head loss in the aquifer and CQ^ is the turbulent head loss in 
the well. 
Dividing both sides of the equation we get 
Q 
Equation 5-12 
Equation 5-12 is the equation of a straight line with C representing the slope and B 
representing the Y intercept. Thus a graph of s/Q versus Q is plotted for each step, 
(Graph 5-7). Normally the points should fall on a straight line but after a certain 
discharge rate the points fall down indicating a stage where the well is being stressed 
more than its production capacity. From the straight line C and B are calculated and 
substituting their values with a desirable discharge rates gives the drawdown in the 
aquifer and the drawdown in the well. Thus BQ will be representing the actual head 
loss in the aquifer and the specific capacity finally calculated becomes 
Sc- QIBQ Equation 5-13 
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Graph 5-7 Plot of s/Q against Q during a 5 step Drawdown test at IFP 27-5 
103 
Substituting this value in Equation 5-7 the final equation for calculating 
transmissivity can be expresses as 
T = ^ In 2.25 -4r-
AnBQ 
Equation 5-14 
Where BQ is represents the drawdown in the aquifer. Thus performing a step 
drawdown test if possible is helpful in determining the turbulent head losses in the 
well and helping in a proper estimation of the specific capacity of the well. 
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Graph 5-8 Well Efficiency Graph for IFP 30-5 
A plot of the ratio of the aquifer head loss to the total observed drawdown 
(BQ/s) versus Q is also helpful in determining the optimum discharge rate for a long 
duration pumping test (Graph 5 8). 
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Transmissivity obtained from Specific Capacity Values 
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Graph 5-9 Transmissivity value calculated using the specific capacity data 
As mentioned earlier specific capacity values are easy to obtain from farmer 
wells and then those values can be used to interpret the local transmissivity around 
the wells but the turbulent head losses if not taken into account results in under 
estimating the specific capacity and transmissivity values. Since large number of step 
drawdown tests were performed in Maheshwaram in December, 2005 and January 
2006 for determining the optimal flow rate for long duration pumping tests it was easy 
to calculate the turbulent head losses and laminar head losses in the aquifer using 
Jacobs's method. The specific capacity at each well has been calculated by taking 
the head losses in the aquifer in the account and then it has been used to calculate 
the aquifer transmissivity using the Theis non equilibrium equation. The values lie 
well within the range calculated for granitic aquifers by Marechal et al., 2004. 
5.3 Pumping Tests 
Pumping tests involves the abstraction of water from a well at a known 
discharge rate and observing the change in water level in the pumped well and one 
or more observation wells. Despite several methods available for characterization of 
aquifer parameters, pumping test still remains the most reliable parameter for 
estimating the transmissivity and storativity of an aquifer. Since the water is been 
pumped at a constant rate for quite long time (depending on the resources available 
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it can vary from 3 hrs to months) they affect a large formation volume and thus help 
in aquifer characterization on a regional scale unlike slug tests or specific capacity 
tests which do not affect a large volume of the aquifer. 
The analytical techniques used for determining aquifer parameters have 
already been discussed in the previous chapter. No single universal method exists 
for the analysis of pumping tests data in fractured rocks (Marechal et al., 2003). 
Application of a number of methods depending upon the behaviour of the time 
drawdown curve during pumping tests helps in getting the realistic values. Depending 
on the model used for determination, the aquifer geometry can be conceptualised. 
However, the procedure adopted to have a conceptual geological model is often time 
taking and the presence of limits or boundary conditions are often not noticeable in 
the drawdown versus time data. 
In the recent times a set of modern interpretation technique has developed in 
the oil industry (Bourdet, 2002; Home, 1995). These techniques are mainly 
characterized by computerized methods and by a standard methodology which 
involves two systematic steps viz., (1) Model identification and (2) Parameter 
identification (Renard, 2005). The model identification involves the determination of 
the conceptual model. This is facilitated by the plot of logarithmic derivative together 
with the drawdown as a function of time on a logarithmic scale. 
5.3.1 Derivative Analysis 
The concept was first used for in the petroleum industry during well test 
interpretation (Bourdet et al, 1983). They are used to identify all flow regimes which 
are present in pressure transient data, (drawdown in case of water wells) and to 
estimate values that can be determined by the analysis of the different flow regimes. 
Derivative is defined as the slope of the data when it is plotted on a semi log plot. 
There exist several methods for calculating the derivative values. In the present 
interpretation the normal derivative plot has been taken for determining the aquifer 
behaviour. This one is termed as the Standard Derivative 
Jjsr = —^  Equation 5-15 
Aln(r) 
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In the above equation of the derivative of drawdown has been calculated using 
three points. As is the difference in water level at time t3 and ti and At is the time 
difference between time ta and ti. There is one liberty in the equation that the user 
can choose as many points to calculate the derivative. In creasing the number of 
points will result in having a smooth derivative curve however if too many points are 
taken for plotting the curve the effect of the aquifer behavior will be masked and 
result in a wrong interpretation. The logarithmic derivatives are more sensitive to 
slight variations in drawdown behavior than the plot of the drawdown alone and can 
reveal certain characteristic behavior of the aquifer depending on the hydraulic 
constraints. (Bourdet et al, 1983). 
The Bourdet derivative is an alternative way to calculate and smoothen the 
derivative. In order to calculate the derivative at any point, one point before and one 
point after that point is used. It is defined as 
'^'AZ+^Az' 
Der _V AX ^x 
Equation 5-16 
^x+^x 
Where, X is the time function (log At for drawdown) 1 = point before i and 2 = point 
after i and i is the point being calculated (Figure 5-2). Change in pressure Ap can be 
replaced by the change in drawdown As in case of aquifer tests. 
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Figure 5-2 Parameters taken for calculating the Bourdet derivative 
The users are free to choose the log time interval between the points. 
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Well test data interpretation using derivative analysis involves three major 
steps. They are a) Identification of the proper model for classification of the aquifer 
(reservoir in case of oil wells).The aquifer may be finite, infinite, homogeneous, dual 
porosity, dual permeability, skin and fractures, b) Specific analysis using the 
appropriate analytical technique for estimating the well and aquifer characteristics 
and c) verifying the results to ensure that the process resulted in the best answer. 
By plotting the As versus At the appropriate model can be selected based on the 
nature of the curve. In addition plotting the drawdown and the drawdown derivative 
versus time provides an effective and powerful tool for distinguishing between 
different behaviors and finding a unique solution. For example the difference between 
a homogeneous and double porosity aquifer can be easily seen and the proper 
model can be easily selected. The examples have been illustrated in the next 
section. 
5.3.1.1 Derivative type curves 
Several type curves are available, mostly obtained from the oil industry which 
reveals the characteristics of the aquifer geometry. Depending on the type of plot 
obtained the reservoir can be classified as a linear flow reservoir, double porosity 
reservoir, homogeneous reservoir. 
• Linear flow: Wells drilled in fractures are generally characterized by a linear 
flow regime. Such flow regimes can also be seen near structural 
discontinuities. In the Maheshwaram water shed pumping at IFP 1 site where 
the granites are intruded by Quartz have shown this type of characteristic 
when the derivative of drawdown has been plotted against time. Generally the 
derivative points fall on a straight line with a slope close to about 0.5. See 
graph 5-10. 
• Radial Flow: It is characterized by a horizontal straight line with a slope of 
O.The initial portion of the curve is represents the capacity effects due to the 
well bore storage. The derivatives show an increase with time for the initial 10 
to 15 minutes and then start falling till the become horizontal with a 0 slope. 
• Pseudo steady state: Once all the reservoir boundaries have been felt, the 
reservoir starts behaving as a tank and the derivatives take the slope of 1 
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(similar to borewell storage). The later the time taken by the derivative to reach 
the slope of 1, greater is the reservoir size. 
Elapatt Time (houra) T|F24.tl 
Graph 5-10 Derivative plot for a homogeneous reservoir 
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Graph 5-12 Drawdown derivative at IFP 16 
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• Double porosity reservoir: The derivative of a double porosity reservoir shows 
a characteristic U shaped curve. The initial portion of the curve shows the well 
effect which is followed by the decreasing derivative showing the flow in 
fractures. It is followed by a short transitional period where a pseudo steady 
state is reached. During this period the matrix starts to contribute to the flow 
and then an increase in the derivatives when the equilibrium condition is 
reached between the matrix and fracture flow. The double porosity reservoir 
has been well illustrated by the pumping at IFP 16. (Graph 5-12) 
Filtering the points taken for making the derivatives is sometimes very 
important because too many data results in masking the reservoir characteristics. An 
example has been shown in Graph 5-13 from the long duration pumping of IFP 1-6 
where the data has been plotted without filtering. The channelized flow behavior has 
been completely masked. Similarly sometimes taking too less data also results in 
faulty interpretation. 
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Graph 5-13 Derivative plot for IFP 1-6 without filtering the data 
5.3.2 Short duration Pumping tests 
Five pumping tests were carried out in August and September 2000 in the 
Maheshwaram watershed. The characteristics of the different pumping wells are 
summarized in Table 5-2. 
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Name 
IFP6 
IFP8 
1FP24 
IFP16 
IFP7 
Depth (m) 
42 
38 
49 
42 
38 
Thickness weathered 
zone (m) 
23 
18.3 
22.9 
10 
18 
Water 
strike (m) 
18.5 
19 
24.39 
20.73 
17 
Final yield (Iph) 
6000 
6000 
6000 
21000 
9000 
Table 5-2 Well characteristics 
The pumping was carried out for 6 hours. The pumping details are given in Fig 
5-3. For this survey only the water level in the pumping well has been monitored 
because no observation wells were available in the vicinity the pumping well. Thus it 
was not possible to calculate the storativity. 
Name 
IFP6 
IFP8 
IFP24 
IFP16 
IFP7 
Static water level 
before test (m) 
13.6 
12.85 
12.7 
12.2 
13.4 
Pumping 
rate (Ipm) 
100 
100 
300 
350 
300 
Pumping 
duration (mn) 
240 
360 
300 
300 
360 
Recovery 
duration (mn) 
65 
105 
150 
60 
60 
Table 5-3 Pumping Details 
5.3.2.1 Choice of the method of interpFetadon 
In hard rock aquifer the interpretation of the pumping test poses the problem of 
the choice of the method. This is mainly due to the heterogeneous properties of 
fractured aquifers characterized by a large distribution of density, orientation, length 
and aperture of fractures. 
Classical methods based on homogeneous hypothesis are used for the 
interpretation of pumping tests in hard rock aquifer but they do not give realistic 
values of the aquifer parameters. Both the classical methods and specialized 
methods specially suited for fractured rocks have been used for the interpretation of 
these results. 
I l l 
5.3.2.2 Results and Discussions 
Gringarten's model 
This method has been developed for the case of a single horizontal fracture 
intersecting the pumping well. (Gringarten and P.A.Witherspoon, 1972).The data 
have been interpreted using the Gringarten model considering the recovery part only 
for IFP24 and IFP7 and the drawdown and recovery part for IFP8 and IFP16. A good 
fit between the model and the recovery data for the 4 wells have been obtained. 
Regarding the drawdown it has been possible to interpret the data only for 1FP16. It 
has been observed that T stays constant and S decrease with the increase of the 72 
length fracture. Considering the results obtained with the recovery part, the T is 
almost constant whereas the S varies by one order of magnitude. This behavior is 
observed for the 3 tests. 
Well 
IFP24 
IFP16 
IFP8 
IFP7 
TlOCm-'/s) 
4E-3 
2.65E-3 
6E-3 
1.7E-3 
S10 
1E-4 
1E-4 
2E-3 
1E-3 
T20(m^/s) 
4.2E-3 
2.65E-3 
7E-3 
1.25E-3 
S20 
1E-4 
1E-4 
3E-3 
1E-3 
T50(m^/s) 
4.2E-3 
2.65E-3 
1.2E-3 
S50 
1E-4 
1E-4 
1E-3 
Table 5-4 Transmissivity and storage coefficient calculated using Gringarten model (recovery 
part) 
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Graph 5-14 Observed data and calculated data for IFP16 
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Graph 5-16 Observed and calculated data for IFP8 (recovery part) 
14 
16 
18 
• Observed data (m) 
Calculated data 010 (m) 
— — Calculated data G20 (m) 
- - - - Calculated data G50 (m) i 
\ 
100 200 300 
Time (min) 
400 500 
Graph 5-17 Observed and calculated data for IFP7(recovery part) 
Theis model 
This model is used for laminar unsteady flow in a homogeneous and isotropic 
medium (Theis, 1935). Using Theis model, successful adjustments were obtained 
using the drawdown and recovery parts of IFP8 and IFP16. Due to the geometry of 
the curve it was not the case for IFP7 and IFP24. Based on the drawdown and 
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recovery curves, the transmissivity and the storage coefficient have been calculated 
using Theis model. Considering the recovery, it is observed that T varies by a factor 
of 4 with values between 1.2 E-3 and 4.9E-3 m^/s, which are comnnon values for hard 
rock aquifer. 
Name 
IFP24W 
IFP24D 
IFP16W 
IFP16D 
IFP8W 
IFP8D 
IFP7W 
IFP7D 
T Theis (m^/s) 
0.0039 
-
0.0027 
0.0013 
0.0049 
0.0009 
0.0012 
-
s 
0.001 
14.9 
5.46E-3 
0.001 
4.25E-15 
2.82E-10 
Table 5-5 Calculated data using Theis model (D: drawdown and W: recovery part) 
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Graph 5-19 Observed and calculated data for IFP16 (recovery part) 
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Graph 5-21 Observed and calculated data for IFP8 (drawdown part) 
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Graph 5-22 Observed and calculated data for IFP8 (recovery part) 
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Graph 5-23 Observed and calculated data for IFP7 (drawdown part) 
Warren and Root model 
This model takes in to account the heterogeneity of the medium allowing the 
introduction of a double porosity aquifer, the matrix/blocks and the fissures/fractures. 
The blocks or matrix are capacitive in nature where as the fracture performs the 
transmissive function (Warren and Root, 1963). The interpretation using this model 
was not successful for all the data sets. It was obsen/ed the transmissivity did not 
vary with the thickness of the matrix whereas the storage coefficient can vary by 
more than one order of magnitude (IFP24R). For IFP24, IFP8 and IFP7 it was 
observed that the transmissivity is always smaller when deduced from the drawdown 
part whereas for IFP16 this parameter is on the same order. Regarding the storage 
coefficient, the values are equal considering the drawdown and recovery parts for 
IFP24 and IFP8 where as there are different by one order of magnitude for IFP16 
and IFP7 and always less when deduced from the recovery part. D1 and D10 in the 
graphs refer to the thickness of the matrix blocks which has been taken as 1 meter 
and 10 meters respectively. 
Wells 
IFP24 
IFP24R 
IFP8 
IFP8R 
IFP16 
IFP16R 
IFP7 
IFP7R 
Tfl 
2.04E-4 
2E-3 
2.85E-4 
5E-3 
1.3E-3 
1.35E-3 
7.8E-4 
1E-3 
Sm1 
4E-2 
7E-2 
9E-3 
6E-3 (D) 
7E-2 
6E-3 
9E-3(D) 
1E-3(D) 
TflO 
2.8E-4 
2.85E-3 
3.6E-4 
3E-3 
1.75E-3 
1.65E-3 
1E-3 
6E-4 
SmIO 
1.5E-3 
3E-4 
2E-3 
1E-3(D) 
3.8E-3 
3E-3 
1.6E-3(D) 
1E-3(D) 
Table 5-6 Transmissivity and storage coefficient calculated from the model. (D) indicates when 
the adjustment was difficult 
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Graph 5-25 Observed and calculated data for IFP24 (recovery) 
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Graph 5-26 Observed and calculated data for IFP8 (drawdown) 
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Graph 5-27 Observed and calculated data for IFP8 (recovery) 
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Graph 5-28 Observed and calculated data for IFP7 (drawdown) 
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Graph 5-29 Observed and calculated data for IFP7 (recovery) 
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Graph 5-31 Observed and calculated data for IFP16 (recovery) 
In general it has been observed that even in fractured rocks for the initial few 
hours of pumping the aquifer behaves as a homogeneous resen/oir and hence the 
classical analytical methods such as Theis is applicable. It is only after sufficient time 
has elapsed that the boundary conditions or double porosity comes into play. Thus 
short duration pumping tests can yield good results even with the classical method as 
has been found in the case of short duration pumping tests in Maheshwaram. 
5.3.3 Long duration Pumping tests 
5.3,3.1 Long duration pumping in Granites 
Two long duration pumping tests have been carried out in the IFP wells within 
the Maheshwaram watershed boundary namely IFP 1 and IFP 16. These tests were 
carried out in June 2000 and the over all objective of these tests were to characterize 
the hydrodynamic properties of granitic aquifers. All these wells have been drilled in 
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granites and there is no influence of any major structural feature. For IFP 1 there 
were 3 observation wells and for Pumping in IFP 16 was carried out with out any 
observation well hence it was not possible to calculate the storativity values for this 
well. 
The table below summarizes the characteristics of these wells. 
Pumping 
Well 
IFP1 
IFP 16 
Radius 
(meters) 
0.0825 
0.0825 
Observation Wells 
IFP 1/1 (r = 28m) 
IFP 1/2 (r = 27.5m) 
No observation well 
Pumping 
Rate (m /^hr) 
.0013 
.0058 
Table 5-7 Characteristics of the Long Duration Pumping Tests 
Duration 
(min) 
1024 
1450 
The wells have been interpreted using the double porosity model originally 
proposed by Barenblatt et al., 1960. In this conceptual model the fissured porous 
medium is characterized by two distinct but interacting subsystems. The first system 
comprises of the porous blocks and the second system comprises of the fracture 
network. Each system occupies the entire investigated domain and is characterized 
by its own hydrodynamic properties, Kf and Sf are the permeability and storativity of 
the fracture medium respectively and Km and Sm are the permeability and storativity 
of the matrix. The details and the governing equations behind the double porosity 
model have already been discussed in the previous chapter. 
Two main features characterize the geometry of the fractures and the matrix 
blocks. N, which is a dimensionless number and denotes the number of orthogonal 
fracture sets. N can vary from 1 (in case of channelized flow) to 3 (in case of 
spherical flow) and I is the block thickness. The interpretation of the two long duration 
pump has been given in Graphs 5-30 and 5-31. 
The derivative plot for IFP 16 has been shown in Graph 5-29 which has a 
shape typical of the double porosity aquifer. The plot can be divided into 3 parts. The 
first part (1) refers to the well effects and flow through fractures to pumping well. The 
second part (2) refers to a transitional period which is characterized by a typical U 
shaped curve indicating the contribution of the blocks to the fracture and indicates a 
pseudo steady state and the third part (3) shows the flow in fractures as well as the 
blocks. The U shape is typical for the derivative plots of a double porosity aquifer and 
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hence the aquifer parameters can be estimated using the double porosity model. The 
matching has been done using a flow dimension of 2. IFP 1 also been interpreted 
using the Double Porosity Model. Most of the tests have been interpreted using a 
flow dimension of 2 except for IFP 1-1 for which a flow dimension of 1.2 has been 
selected indicating more of channelized flow behavior. A flow dimension of 2 in most 
of the cases suggests a good connectivity between the between the horizontal and 
the vertical fracture set and it has been obsen/ed in the exposed dug well sections in 
the watershed. The results of the application of this model to all the other pumping 
tests are summarized in Table 5-8. 
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Graph 5-33 Interpretation of IFP 16 using the double porosity model 
For pumping in IFP 1 there were two observation wells IFP 1-1 and IFP 1-2 
situated 28 meters and 27.5 meters apart from the observation wells on either side. 
Though the wells react at the same time but they show different behaviours. The fit 
has been performed using the Double Porosity model with a flow dimension of 2 and 
1.2 respectively. The hydraulic conductivity of the fracture is several orders higher 
than the hydraulic conductivity of the matrix which is the main characteristic of a 
double porosity aquifer. 
Graph 5-34Response to pumping in IFP 1 and the observation wells 
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Graph 5-35 Interpretation of the pumping well IFP 1 and observation well IFP 1-1 and IFP 1-2 
using the double porosity model 
For IFP-1, the observation of the curves in Graph 5-34 has shown that some 
heterogeneity exists in the aquifer. During this test, the water levels were monitored 
in the pumping well and in 3 observation wells. Two wells are located on a detected 
geophysical anomaly at the same distance from IFPl and a third one is located 
further in another direction. The observed difference have to be related with the 
heterogeneity of the media and has given some information about the aquifer 
geometry. It was observed that IFP1/3 is not connected with IFPl, which indicates 
the presence of hydraulic compartments. This is something that has already been 
observed in hard rock aquifers. The compartments act as barriers to the flow and 
they indicate the degree of low connectivity in the aquifer. This low connectivity is 
function of the fracture network geometry. We have observed as well that IFP1/1 and 
IFP1/2 respond instantaneously to the pumping but the water level evolution is quite 
different, with a delay observed for IFP1/1. 
Well 
IFP1 
IFP1-1 
IFP1-2 
IFP16 
Type 
pumping 
obsen/ation 
observation 
pumping 
N 
2 
1.2 
2 
2 
Block 
thickness 
(1) 
3.55 
3.55 
3.55 
0.45 
Kf{m/s) 
7.86E-06 
6.57E-05 
3.54E-06 
4.2E-05 
Sf(/m) 
3.10E-03 
1.40E-06 
Kb(m/s) 
5.00E-08 
5.47E-06 
1.12E-06 
5E-09 
Sb(/m) 
5.90E-02 
1.60E-06 
Table 5-8 Values of Matrix and Fracture media hydrodynamic properties calculated using the 
Double-Porosity Model 
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5.3.3.2 Long duration pumping along contact zones 
Long duration pumping tests were carried out at 2 pilot sites witliin the 
watershed in January 2006. The main objective of these tests was to determine the 
affect of structural heterogeneities on the aquifer properties. 
5.3.3.2.1 IFPl Pilot site 
The first pilot site is situated in the Northern part of the Maheshwaram 
watershed and is located at the end of 10-20 meter wide quartz vein. Total 10 
numbers of wells have been drilled at this site. 4 of them were drilled in 2002 and 6 
have been drilled in 2005. Figure 5.3 show the position of these borewells with 
respect to the quartz vein. IFP 1, IFP1-2 and IFP 1-3 have been drilled entirely in 
granites. IFP 1-2, IFP 1-5, IFP 1-6, IFP 1-7 and IFP 1-9 have been drilled at the 
contact between Quartz and Granite and IFP 1-4 and IFP 1-8 have been drilled at the 
contact between Quartz, Granites and Dolerites. 
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Figure 5-3 Plan of the IFP 1 site 
A long duration pumping of 1582 minutes was carried out in the IFP 1-6 
borewell with. Water level measurement was carried out in IFP 1-6 and 9 other 
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observation borewells and also in two of the farmer borewells. Tlie well was pumped 
at a constant discharge rate of 13.51 m%r. 
Well No 
IFP 1/6 
IFP1 
IFP 1/1 
IFP 1/2 
IFP 1/3 
IFP 1/4 
IFP 1/5 
IFP 1/7 
IFP 1/8 
IFP 1/9 
Well Type 
Pumping Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Table 5-9 Response t 
Duration of 
pumping (mins) 
1582 
1582 
1582 
1582 
1582 
1582 
1582 
1582 
1582 
1582 
0 pumping in IFP 1 
Distance from 
Pumping Weil (mts) 
0.108 
18.60 
28.20 
40.40 
61.50 
40.40 
17.70 
8.70 
51.70 
11.50 
Total Drawdown 
(mts) 
21.47 
20.28 
11.87 
9.28 
0.75 
0.30 
12.70 
14.04 
0.10 
16.44 
-6 and the observation wells 
Note that IFP1-3, IFP1-4 and IFP1-8 show very little response to the pumping 
in IFP1-6. The drawdown derivative analysis of pumping in IFP 1-6 and the 
observation wells shows the presence of a channelized flow. In other words the flow 
in the aquifer in this zone is taking place between two no flow boundary limits. See 
figure 5-4. The tests have been interpreted using the Theis model by introducing the 
no flow boundaries at the time where the derivatives show a change in slope. 
However for comparison they have been also interpreted using the double porosity 
model. The synthesis of the tests using the Theis method is given in Table 5-10. 
Well 
IFP1 
IFP1-1 
IFP1-2 
IFP1-3 
IFP1-4 
IFP1-5 
IFP1-6 
IFP1-7 
IFP1-8 
IFP1-9 
Tab 
Distance 
(mts) 
18.6 
28.2 
40.4 
61.5 
40.4 
17.7 
0.108 
8.7 
517 
11.5 
e 5-10 Synt 
T 
1.65E-04 
4.92E-04 
2.23E-04 
2.15E-04 
2.55E-03 
1.81E-04 
1.59E-04 
1.67E-04 
5.03E-03 
2.12E-04 
hesis of the 
Theis 
K 
3.30E-06 
9.84E-06 
4.46E-06 
4.30E-06 
5.10E-05 
3.62E-06 
3.18E-06 
3.34E-06 
1.01E-04 
4.24E-06 
pumping ii 
s 
8.56E-05 
3.46E-04 
1.57E-04 
9.88E-03 
2.59E-02 
1.42E-03 
1.49 
2.91 E-03 
6.26E-02 
7.32E-04 
1 IFP 1-6 us 
Limit 1-NO flow 
Time(min) 
40 
18 
80 
no 
1000 
12 
45 
25 
no 
18 
ing Theis m 
Dist(mts) 
102 
59 
124 
no 
115 
14 
1 
14 
no 
27 
odel. The n 
Limit 2-NOflow 
Time(mln) 
250 
34 
700 
no 
1000 
1200 
250 
1000 
no 
180 
umbers wril 
Dlst(mts) 
255 
81 
366 
no 
115 
144 
2 
88 
no 
84 
tten in 
fta//cs show that they have not been used in the calculation of average transmissivity and 
storativity values. 
The average value of Transmissivity and Storativity comes to around 2.11 E-
04 and 7.5 E-04 respectively. IFP 1-4 and IFP 1-8 fall outside the no flow boundaries. 
125 
The drawdown response to pumping in IFP 1-6 is very small in these wells as well as 
the channelized flow behavior was not evident on the derivative plot. 
No-Flow boundaries 
1900050 
229900 
Figure 5-4 Map showing the drawdown response in the pumping and observation wells at IFP 1 
site at the end of 1000 minutes. 
The test has been interpreted using the Double Porosity Model in WTFM. 
(Lods, 2004). The tests have been interpreted using a flow dimension of less than 2 
which shows that flow is channelized. 
Well 
IFP1/6 
IFP1 
1FP1/1 
IFP1/2 
IFP1/3 
IFP1/4 
IFP1/5 
IFP1/7 
IFP1/8 
IFP1/9 
R ( m ) 
0.108 
18.6 
28.2 
40.4 
61.5 
40.4 
17.7 
8.7 
51.7 
11.5 
Kf (m/s) 
2.66E-06 
3.20E-06 
1.10E-04 
2.30E-06 
1.20E-06 
3.00E-05 
2.40E-06 
2.86E-06 
2.50E-05 
2.76E-06 
Kf*bf*(3-n) 
1.69E-03 
9.30E-04 
2.75E-01 
8.13E-04 
6.00E-05 
7.17E-03 
2,62E-04 
6.84E-04 
5.98E-03 
7.42E-04 
Km(m/s) 
1.00E-09 
4,50E-10 
5.00E-07 
3,00E-10 
1.50E-09 
1.00E-08 
3.00E-07 
2.70E-07 
1.10E-08 
5.50E-09 
Ssf(1/m) 
1.35E-05 
2.50E-07 
9.00E-08 
2.00E-07 
1.00E-07 
2.50E-04 
6.00E-07 
4.00E-06 
3.00E-05 
3.20E-06 
Sf(-) 
6.75E-04 
1.25E-05 
4.50E-06 
1.00E-05 
5.00E-06 
1.25E-02 
3.00E-05 
2.00E-04 
1.50E-03 
1.60E-04 
Ssm(1/m) 
2.50E-05 
6.20E-06 
4.80E-06 
4.30E-05 
1.50E-04 
1.50E-03 
2.00E-05 
3.00E-05 
7.50E-03 
1.79E-05 
Sm(-) 
1.25E-03 
3.10E-04 
2.40E-04 
2.15E-03 
7.50E-03 
7.50E-02 
1.00E-03 
1.50E-03 
3.75E-01 
8.95E-04 
B(m) 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
Block 
Thlckness(m) 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
N 
1.35 
1.55 
1.00 
1.50 
2.00 
1.60 
1.80 
1.60 
1.60 
1.57 
Table 5-11 Synthesis of pumping in IFP 1-6 using the double porosity model in WTFM. Note 
that the N values for all the interpretation is in between 1 and 2 
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The double porosity model as already explained in Chapter 4 considers the 
fractures and the matrix blocks as two separate medium. The fractures are 
characterized by high permeability and low storativity where as the matrix performs 
the function of storage with very low permeability. Hence during interpretation we get 
two values of permeability and storativity, one each for the fractures and blocks. The 
average transmissivity value for the fractures comes to around 1.61 E-03 and for the 
matrix it is 2.64 E-06. The average fissure storativity is about 7.18 E-05 and the 
average block storativity is 3.29 E-03. 
The main objective of these long duration pumping test was to evaluate the 
hydrodynamic characteristics of the aquifer: the transmissivity, the storage, 
anisotropy, and geometry of the aquifer. The intense shearing causes the quartz vein 
to act like a drain with movement of water taking place in the North-South direction. 
See figure 5-4. Probably the presence of a sub surface dolerite dyke on the eastern 
side of the quartz vein acts as a no flow boundary. IFP 1-4 and IFF 1-8 lie in this 
zone and there lithologs have revealed the presence of dolerite dyke and also these 
wells have shown a negligible response to pumping in IFP 1-6. Probably the no flow 
limit on the western side of the quartz vein is a result of the heterogeneity in the 
fracture pattern of the quartz vein along the contacts with granite. Probably the 
intensity of fractures is less in this direction thus forming the second no flow 
boundary. Though the test has been interpreted using the double porosity model but 
the derivative plots and time drawdown curves show a better matching with Theis 
model with two no flow boundary limits. See Graph 5-36. 
Graph 5-37, 5-38 and 5-39 show the interpretation of IFP 1-6 using the Theis 
model and the Double porosity model. Interpretation using the Theis model with limits 
has been done taking derivative plot into account which gives a very good idea of the 
aquifer geometry and the result is a very good match between the observed data and 
the simulation thus giving realistic values of the estimated aquifer parameters. For a 
check they were also interpreted using the double porosity model, however here the 
simulations do not really fit the observed data. This again shows the importance of 
derivative analysis in the interpretation of long duration pumping tests. 
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Graph 5-36 Derivative Plot of IFP 1-6. Note the presence of the 2 no-flow boundaries shown by 
arrow and the diagram showing the position of the borewell with respect to the limits. 
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Graph 5-37 Interpretation of pumping in IFP 1-6 using the Theis model 
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5.3.3.2.2 KothurSite 
This site is situated about 10 km south of the IVIaheshwaram watershed and is 
located on a quartz vein. Quartz veins are present in the watershed, but here, it's the 
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biggest one. At this site also 10 borewells Inave been drilled with the objective of 
studying the hydraulic properties of the quartz vein. At this site two long duration 
pumping tests have been carried out however here we will be discussing the result of 
IFP 30-10 which has been drilled on top of a highly fracture quartz vein. 
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Figure 5-5 Plan of the Kothur site 
The pumping was for 48 hours duration with a constant discharge rate of 16.3 
m /^hr and the water level monitoring was carried out in 10 surrounding observation 
well. The summary is given in Table 5-11. It was observed that IFP30-4, IFP30-4 and 
IFP30-8 do not show any response to pumping in IFP30-10 and hence it was difficult 
to interpret these tests. The remaining wells have been interpreted using the Theis 
and the double porosity model. Though it was possible to interpret the tests using the 
Theis model by introducing the concept of one no flow boundary however the 
derivative analysis suggests a double porosity reservoir behavior and the 
interpretation using the double porosity model is more close to the actual field 
situation. The apparent no flow boundary which results in a good match using the 
Theis model may be a result of heterogeneity in the degree of weathering and 
fracturing in the quartz vein. Probably the Quartz vein on the eastern side is more 
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compact and this also explains the fact why IFP 30-8, IFP 30-4 and IFP 30-3, all on 
the eastern side of this quartz vein show no response to pumping in IFP 30-10 
Well No 
IFP 30/10 
IFP30/1 
IFP30/2 
IFP30/3 
IFP30/4 
IFP30/5 
IFP30/6 
IFP30/7 
IFP30/8 
IFP30/9 
IFP30/11 
Well Type 
Pumping Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Observation Well 
Duration of 
pumping (mins) 
2889 
2889 
2889 
2889 
2889 
2889 
2889 
2889 
2889 
2889 
2889 
Distance from 
Pumping Well (mts) 
0.108 
123.30 
114.80 
132.80 
145.00 
135.50 
220.40 
144.60 
93.70 
49.40 
57.80 
Total Drawdown 
(mts) 
9.90 
3.38 
3.62 
0.17 
0.06 
4.42 
1.27 
1.04 
0.12 
5.50 
4.97 
Table 5-12 Response to pumping in IFP 30-10 and the observation wells 
891360 
891300-
891000 
230350 230400 230450 230500 230550 2JC ,00 230650 230700 230750 
Figure 5-6 Map showing the drawdown response in the pumping and observation wells at IFP 
30-10 site at the end of 48 hours. 
Figure 5-6 shows the contour of drawdown at the end of 48 hours of pumping. 
It looks some what similar to the pumping in IFP 1-6 with drawdown more prominent 
along the North South direction thus giving an apparent picture of a channelized flow. 
The drawdown analyses however shows that the quartz vein acts as a double 
porosity reservoir with the characteristic U shape derivative plot. 
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Well 
IFP30/10 
IFP30/1 
IFP30/2 
IFP30/5 
IFP30/6 
IFP30/7 
IFP30/9 
IFP30/11 
R (m) 
0.108 
123.18 
115.05 
135.67 
222 
145 
49.44 
57.84 
Kf (m/s) 
5.00E-06 
3.34E-06 
5.00E-06 
6.50E-06 
1.12E-05 
6.00E-06 
6.48E-06 
6.17E-06 
Kf*b*{3-n) 
3.05E-04 
2.04E-04 
3.05E-04 
3.97E-04 
6.83E-04 
3.66E-04 
3.95E-04 
3.76E-04 
Km (m/s) 
5.00E-09 
1.10E-09 
1.72E-09 
6.00E-10 
1.50E-09 
8.00E-09 
1.35E-09 
5.50E-09 
Ssf(1/m) 
1.00E-06 
8.00E-07 
4.80E-07 
2.38E-07 
1.40E-06 
4.00E-06 
4.20E-07 
8.50E-07 
Sf{-) 
6.10E-05 
4.88E-05 
2.93E-05 
1.45E-05 
8.54E-05 
2.44E-04 
2.56E-05 
5.19E-05 
Ssm(1/m) 
1.15E-05 
2.50E-05 
6.50E-07 
8.10E-07 
2.10E-06 
3.65E-05 
2.00E-06 
3.10E-06 
Sm(-) 
7.02E-04 
1.53E-03 
3.97E-05 
4.94E-05 
1.28E-04 
2.23E-03 
1.22E-04 
1.89E-04 
B(m) 
61 
61 
61 
61 
61 
61 
61 
61 
Block 
Thickness(m) 
5.5 
5.5 
5.5 
5.5 
5.5 
5.5 
5.5 
5.5 
n 
2 
2 
2 
2 
2 
2 
2 
2 
Table 5-13 Synthesis of pumping in IFP 30-10 using the double porosity model in WTFM 
Table 5-13 gives a synthesis of pumping in IFP 30-10. IFP 30-3, IFP 30-4 and 
IFP 30-8 have not been listed as they could not be interpreted. The average 
transmissivity value for the fractures comes to around 3.60 E-04 and for the matrix it 
is 1.33 E-07. The average fissure storativity is about 4.78 E-05 and the average block 
storativityis2.13 E-04. 
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Graph 5-40 Interpretation of IFP 30-10 using the double porosity model in WTFM. ( Logarithmic 
Scale) 
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Graph 5-41 Interpretation of IFP 30-10 using the double porosity model in WTFM. (Arithmetic 
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The tests were also interpreted using the Theis model. See Graph 5-41. This 
tinne it was interpreted by introducing the concept of 1 no flow boundary and one flow 
boundary to match with the derivative curve. See Graph 5-40 However this solution is 
not realistic and does not result in the accurate aquifer parameter estimation. The 
details of the aquifer parameter values have been presented in Table 5-14. The 
average transmissivity value for this site is 7.58 E-04 m^/sec and the average 
storativity value is 2.19 E-04. 
IFP 
IFP30-1 
IFP30-2 
IFP30-3 
IFP30-4 
IFP30-5 
IFP30-6 
IFP30-7 
IFP30-8 
IFP30-9 
IFP30-10 
IFP30-11 
R 
123.3 
114.8 
132.8 
144.5 
135.5 
220.4 
144.6 
93.7 
49.4 
0.108 
57.8 
T 
6.88E-04 
6.26E-04 
2.33E-03 
5.60E-04 
5.49E-04 
7.44E-04 
2.09E-03 
5.28E-04 
4.65E-04 
5.29E-04 
K 
1.12E-05 
1.02E-05 
3.80E-05 
9.14E-06 
8.96E-06 
1.21E-05 
3.41 E-05 
8.61 E-06 
7.59E-06 
8.63E-06 
S 
4.34E-05 
7.01 E-05 
2.24E-02 
2.14E-05 
3.84E-04 
2.86E-03 
6.38E-02 
3.71 E-05 
1.00E+01 
8.95E-05 
Limitl-NOFLOW 
Time (Mins) 
700 
500 
Distance (mts) 
1225.00 
776.00 
Limit2-FL0W 
Time (Mins) 
2000 
2500 
Distance(mts) 
2070.00 
1736.00 
NO FLOW Boundary very low reaction 
NO REACTION 
600 
700 
1100 
1455.00 
367.00 
197.00 
2000 
900 
1300 
2656.00 
417.00 
214.00 
NO FLOW Boundary very low reaction 
900 
500 
400 
1316.00 
2.00 
565.00 
2100 
1700 
1900 
2010.00 
3.00 
1231.00 
Table 5-14 Synthesis of the pumping in IFP 30-10 using Theis solution 
Field geological survey and the lithologs of the wells drilled in this area does 
not show the presence of any no flow boundary or flow boundary thus it cannot be 
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represented by the Theis model. In fact the radial flow portion which is shown in 
Graph 5-40 is the transitional period where the matrix starts contributing to the flow. 
The width of the U shape in case of the double porosity reservoir is a function of the 
matrix block size or the permeability of the matrix. Smaller the block size or greater 
the permeability of the matrix, smaller will be the width of the U and vice versa. The 
matrix permeability for IFP 30-10 is of the order of 10"^  m/sec which makes the matrix 
relatively impermeable and thus the long transitional period observed in the 
derivative drawdown plot. 
This is a perfect example of why long duration pumping test should be carried 
out to have a fair idea of the aquifer geometry. In fact the double porosity behavior of 
the aquifer is seen only after 300 minutes. In that case the test would have been 
perfectly interpreted using the Theis method. 
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Graph 5-42 Derivative Plot of IFP 30-10. Note the presence of the 1 no-flow boundary and 1 flow 
boundary shown by arrow 
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Graph 5-43 Interpretation of IFP 30-10 using the Theis model 
5.4 Conclusion 
In this chapter we have discussed about the theory and use of slug test, step 
draw down test and long duration pumping test. Of course all these hydraulic tests 
have their own importance for hydrogeological investigations. As already stated in 
section 5.1, slug test are used for determining the hydraulic properties in the 
immediate vicinity of the borewell. Since the technique is simple and cost effective, it 
can be carried out on a number of borewells. Although, the slug tests interpretation 
provide local and at times very local permeability but this method combined with 
Discrete Fractured Network Models and Application of the Theory of Regionalized 
variables have provided meaningful results in regionalizing as well as up-scaling the 
parameter. 
Section 5.2 deals with the specific capacity tests. Step drawdown tests which 
are a pre requisite for determining the optimal pumping rates for long duration 
pumping tests have been discussed later. They are also used for determining the 
well efficiency and thus helping in installing the correct pump according to the yield of 
the well. The use of these tests for calculating the transmissivity values have also 
been demonstrated. 
The use of short duration pumping tests has been illustrated in section 5.3. 
They help in having information about a relatively larger volume of the aquifer though 
it is not recommendable if the aquifer geometry has to be studied. 
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Long duration pumping tests though they are expensive to carry out and 
involve a lot of time, are the best to have an idea of the aquifer geometry. This is 
facilitated by the use of derivative analysis which has been discussed in section 5.4. 
Depending upon the aquifer behaviour and geometry an appropriate analytical 
solution can be chosen. This practice has been very common in oil industry (Bourdet 
et al, 1983), but in the recent tile has found its application in water well pumping as 
well (Renard, 2005). Field geological investigation plays a major role in analyses of 
pumping wells. This has been clearly demonstrated for pumping in IFP 30-10 where 
the derivative analysis curve could be interpreted by Theis method using the concept 
of limiting boundaries as well as a Double porosity reservoir. However field 
investigations did not show the presence of any limiting or flow boundaries thus 
making the double porosity model, the most accurate technique for interpreting this 
tests. Moreover the tests have been carried out using more than 8 observation wells 
which very well bring into light the horizontal anisotropies associated with hard rocks 
and the structural features associated with them. 
The aquifer parameter estimations obtained from the various hydraulic tests 
play and important role in sustainable groundwater management. Water budget 
studies involve a very good idea about the transmissivity values of the aquifer as the 
inflow and out flow of groundwater along the watershed boundary is dependant on 
these values. Inflow and out flow components are very vital for water balance 
estimation (Marechal et al, 2006) and can induce large degree of uncertainty if not 
calculated accurately. Further this can be incorporated for making a Decision Support 
Tool which can be useful for planners and policy makers for long term management 
and planning of groundwater resources in hard rock aquifers (Dewandel et al, 2006). 
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CBAPT^ge 
6 Groundwater balance estimations and 
optimization of die piezometric network 
This chapter has been divided into two parts. The first part deals with the 
groundwater balance estimations in the watershed and the second part focuses on 
the optimization of the piezometric network. 
Groundwater management is the ultimate objective of most of the scientific 
studies in water science. For groundwater management the knowledge of 
groundwater availability and demand is extremely important and depending on their 
balance, positive or negative, management plans or schemes are prepared. This 
exercise has been irrelevant in the days when the groundwater demand was much 
less than its availability but with the exponential increase in demand of the 
groundwater, the balance started becoming negative and making the groundwater 
system unsustainable. Therefore, to have a groundwater balance that is the result of 
many components of flow in to or out of the system, has to be precisely calculated. 
The knowledge gained on understanding the complex geological settings in the 
system as described in the previous chapters will be used to precisely estimate them 
for a reliable management of groundwater. 
6.1 Groundwater balance estimations 
The groundwater system comprises of water percolating down through the 
available pore spaces and fractures to the sub-surface. This mass of water is 
constantly in motion as it is being constantly added to the system by recharge from 
precipitation and leaving the system as discharge to the surface water and as evapo-
transpiration. However one important aspect of all groundwater system is that the 
total amount of water entering or leaving the system must be conserved. An account 
of all the inflows, outflows and change in storage is called the water budget. An 
estimate of the available groundwater resources is the primary requisite for an 
efficient groundwater resource management, which in turn is critical for maintaining 
this precious renewable natural resource. A proper resource management is 
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especially important in places where there is a huge demand and supply gap. In semi 
arid areas of the world including India, an estimate of the reserve is important for the 
agricultural development. The groundwater estimates are based on the rate of 
aquifer recharge but calculating the rate of this recharge is a challenging task for 
hard rock aquifers, the main reasons for which being the temporal variations in 
precipitation in arid and semi arid areas and the spatial variations in soil 
characteristics, topography vegetation and land use patterns (Lerner et al., 1990). 
The recharge amount in such environments is very small as compared to the 
resolution of the investigation methods. Aridity of a given region is also inversely 
proportional to the recharge flux (Allison, 1988). 
The techniques used for estimating groundwater recharge rates can be 
divided into physical and chemical methods (Allison, 1988; Foster, 1988). The 
physical methods of budget estimation includes the: a) calculation of soil water 
balance by processing the hydro meteorological data and the soil crop data, b) 
interpretation of hydrologic data including analysis of piezometric fluctuations and 
differential stream flow analysis and c) soil physics measurement. The chemical 
methods comprises of chemical and isotopic analysis of pore fluids from the 
saturated and unsaturated zones. All the techniques used for water budget 
estimations are subjected to a large amount of uncertainties and errors (Simmers, 
1988). Among the several methods available, the water table fluctuation method is a 
physical method of groundwater budget estimation that links the changes in the 
groundwater storage to the resulting change in the water table through a storage 
parameter that is the specific yield in case of unconfined aquifers. 
This method is considered to be the most promising and attractive owing to its 
accuracy, ease of use and cost effectiveness for assessing groundwater balance in 
semi-arid areas (Beekman and Xu, 2003). The water table fluctuation method (WTF) 
was first applied in the 1920s for estimating groundwater recharge (Meinzer, 1923; 
Meinzer and Stearns, 1929) and has been used at several places for the same 
purpose. The main limitations of the WTF technique according to Beekman and Xu, 
2003, are a) the compulsion to know the specific capacity of the saturated aquifer at 
a suitable scale and b) its accuracy depends on the knowledge and 
representativeness of the water table fluctuations. In order to determine the specific 
yield at a suitable scale and consequently the recharge, a combination of the 
groundwater balance and the water table fluctuation is proposed. 
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6.1.1 Methodology 
The groundwater budget of the watershed focuses on the underground flows. 
Changes in the subsurface water storage can be attributed to the recharge, irrigation 
return flow and groundwater inflow to the basin minus the base flow (groundwater 
discharge to the rivers and springs), evapo-transpiration, pumping and groundwater 
outflow from the basin (Schicht and Walton, 1961). 
Figure 6-1 Various components of groundwater balance. Where P = Pumping, RF = Return flow, 
Q off = Horizontal Outflows, E = Evapo-transpiration, R = Recharge and Q on = Horizontal 
Inflows 
The formula can be expressed as 
R + RF + Q,„=ET + PG + Q^^+Q,f+^S Cbf Equation 6-1 
Where R is groundwater recharge; RF is the irrigation return flow; Qon and Qon are 
groundwater flow onto and off the basin, ET is evaporation from groundwater table; 
PG is the abstraction of groundwater by pumping, Q^ is base flow (groundwater 
discharge to streams or springs) and AS is change in groundwater storage.(See 
figure 6-1). Due to the high water table depth in the Maheshwaram watershed (more 
than 15 meters on an average, figure 6-2), a) no spring is present and there is no 
contribution of groundwater to streams, consequently the base flow can be neglected 
in equation 6-1 and b) Vegetation is not able to consume significant groundwater and 
evapo transpiration should be redefined as evaporation from groundwater table, thus, 
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the term ET is replaced by £: evaporation from groundwater table. Thus the new 
equation becomes: 
R + RF + Q^„=E + PG + Q„^+AS Equation 6-2 
Therefore, the uncertainties associated with the evapo-transpiration are not 
included in the budget calculation and thus this method is certainly more accurate 
when compared to the classical methods. 
GroniK bouklMS 
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Figure 6-2 Hydrogeological profile of overexploited hard rock aquifers 
This methodology (WTF) links the changes in groundwater storage AS with the 
resulting water table fluctuation Z^ 
AS = S^Ah Equation 6-3 
Where Sy is called the specific yield (storage) or the tillable porosity of the unconfined 
aquifer. Various authors (Kayane 1983; Sokolov and Chapman 1974; Sophocleous 
1991) distinguish the terms "specific yield" and "tillable porosity". The term specific 
yield is most often used in connection with unconfined aquifers and is also known as 
the storage coefficient. It generally means the volume water released from a unit 
volume of unsaturated aquifer drained by a falling water table. The term tillable 
porosity has also been used sometimes, which refers to the amount of water an 
unconfined aquifer can store per unit area per unit rise in water table. However the 
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finable porosity is somewhat lower than the specific yield because of the presence of 
entrapped air. 
Recharge estimates on the basis of water table fluctuations are the most 
commonly applied methodology (Healy and Cook, 2002). This is likely due to the 
ease of availability of water level data and the simplicity of estimating recharge rates 
from temporal fluctuation or spatial pattern of groundwater levels. In the 
Maheshwaram watershed the unsaturated zone is quite thick and displays seasonal 
fluctuations in the groundwater level. 
Wet season Dry season 
Rech.=0 
Determination of AS 
A/z dry 
Rabi 
Figure 6-3 Division of hydrological year 
The Kharif season (monsoon season, June to October) during which there is 
an increase in water level by several meters due to the rainfall recharge. It is followed 
by the Rabi season (November to May) during which the groundwater levels decline 
due to the absence of rainfall and groundwater abstraction. This cyclic fluctuation in 
the groundwater levels allows the hydrological cycle to be divided into two (Figure 6-
3) and thus allows the application of the water balance equation twice a year. This is 
done by combining equation 6-2 and equation 6-3. Thus the new equation becomes 
R + RF + Q,„=E + PG + Q„^+S^Ah Equation 6-4 
141 
In the above equation there are two unknown parameters; natural recharge R 
and the specific yield Sy of the aquifer. Considering the recharge as negligible during 
the dry season it is possible to calculate the specific yield values. Since specific yield 
is the property of the formation, it does not change with the time of the year and 
hence it can be used to calculate the recharge values during the wet season. 
By applying equation 6-4 separately to the dry season, during which R = 0, 
and to the wet season, we obtain two equations with two unknown parameters 
j^iry ^ Qjry ^ p^iry ^ ^dry + Q^^<i<y ^  ^^^^jdry Equat ion 6-5 
R + RF"^' + QJ' = PG"^' + E"^' + a # " ' + Sy^^" Equation 6-6 
Which, can be solved sequentially, first by obtaining Sy by solving equation 6-5, then 
by solving equation 6-6 for R, given the season-specific values for the known 
parameters 
j^dry Qdry _ ^dry _ pgdry _ Qdry 
S = — ^ ^ Equation 6-7 
R = A/?"".5^ - RF"^' - e „ 7 + £ " " + PG"^' + Q:P Equation 6-8 
This technique of water budget estimation is termed as the Double Water Table 
Fluctuation method, (DWTF). 
6.1.2 Description of various components of groundwater balance 
Application of the groundwater budget technique implies the knowledge of 
most of the components of the budget, except natural recharge and specific yield 
which are considered in this approach as the unknown parameters and will be 
calculated using the combined method described above. Here the various 
components of the groundwater budget have been discussed in details. These 
components include the assessment of the pumping flows, irrigation return flow, 
evaporation from the water table and the horizontal inflows and outflows in the 
watershed. 
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6.1.2.1 Pumping flows 
In the absence of perennial streams all the agricultural products in the 
watershed such as paddy fields (rice), vegetables like tomatoes, brinjals, lady's 
finger, chilies, etc., flowers and fruits such as mangoes, guava and grapes are 
irrigated using groundwater.( See figure 6-4). The low drilling costs and availability of 
cheap or free electricity has made possible for the farmers to have water close to 
their crops. Most of these crops are irrigated throughout the year. 
no irrigation (harvesting) 
irrigated (130 d) 
PADDY (RICE) 
(Ponded imgation) 
irrigated 
X X — X 
irrigated (140 d) 
no irrigation (harvesting) 
J / irrigated 
><>'^ > 
Nurs. 
(5-10% of PG) 
Maintenance y^ Nurs. 
(5-10% of PG) (5-10% of PG) 
VEGETABLES & FLOWERS 
irrigated (ray irrigation) 
K i^ntenance 
(5-10% of PG; 
FRUITS (THREES) 
irrigated (drop Irrigation) 
GRAPE 
Irrigated (drop irrigation) 
Jun Jul Aug Sept Oct Nov Dec Jan Feb Mar Ay May 
lonsoon season (Kharif) Dn/ season (Rabi) 
• > ^ 
Figure 6-4 Irrigated cultivated crops calendar (PG: daily pumping rate, Nurs.: Nursery [before 
rice transplantation], 5-10% of PG: 5-10% of PG compared to the rest of the cultivation season) 
The annual pumping rate has been estimated using the bore well inventory and by 
the land use map using remote sensing technique. 
The daily duration of pumping is mainly dependant on the availability of 
electricity. The installation of automatic water level recorders in 10 IFP bore wells in 
the watershed helps in determining the fluctuations in water level. Out of these 5 bore 
wells are situated significantly close to the pumping wells to be influenced by 
pumping. The daily pumping duration has been calculated from November 2001 to 
June 2004 for each of the 5 bore wells influenced by pumping. Mean annual daily 
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duration of pumping (6.5 liours; 7.1 hours; 7.4 hours; 6.7 hours and 6.6 hours) 
calculated from these bore wells are quite consistent with the information collected 
from farmers. Computation of monthly evolution of pumping rate at the scale of the 
watershed is based on the average of the daily pumping duration of the five IFP 
observation bore wells and on the discharge rates of the 707 bore wells in use. Table 
6.1 gives a summary of the pumped water for 2 hydrological years. 
Hydrological Year 
Usage 
Rice 
Vegetables & flowers 
Fruits 
Domestic & chicken poultry 
June 02 to June 03 
Kharif (mm) 
75.8 
1.3 
4,1 
3.1 
Rabi (mm) 
83.4 
1.7 
10 
4.2 
June 03 to June 04 
Kharif (mm) 
62.5 
1.2 
3.8 
3.3 
Rabi (mm) 
108.7 
1.6 
9,4 
4 
Table 6-1 Groundwater abstraction according to its use. Value in mm per season at the basin 
scale, from June 2002 to June 2004. 
During the studied period (June 02 to June 04), the mean total annual 
groundwater abstraction assessed using the well inventory is about 10 million m^ (or 
189 mm). This value is in accordance with the ones evaluated in 1999 using 
techniques based on census data and on agricultural uses of water (9.1 million m )^ or 
based on electrical power consumption (9.0 million m )^ (Engerrand, 2002). 
Remote sensing techniques have been applied for picturing the land use on a 
watershed scale. The land use map has been made from infrared satellite image 
(image-resolution: 20x20 m) acquired in January 2002 during the Rabi season 2002. 
Since most of the water from pumping is used by paddy fields a special care has 
been taken to evaluate the paddy field surface. A total area of 209 hectares has been 
calculated from the land use map for this period. In order to calculate the total volume 
of water needed for irrigating the paddy fields, it is necessary to assess the mean 
daily pumped volume of water for the paddy fields during the same period. A survey 
of 11 selected paddy fields was carried out for measuring the water requirements for 
the Rabi as well as the Kharif season in 2003. A linear relationship was seen for the 
volume of groundwater abstracted and the irrigated paddy field for both the periods. 
Paddy water requirements vary from season to season. During rabi season it 
requires 15 mm of water where as in the Kharif season it requires only 10 mm of 
water. The monsoon rainfall complements the water requirement in the Kharif 
season. Thus the total volume of water required for irrigating 209 hectares of paddy 
field with a 15 mm per day requirement in the Rabi season comes to about 4.2 million 
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m^ (80 mm). It is in confirmation witli the values assessed from the well inventory, 
which amounts to 4.4 million m^ (83 mm) shown in table 6-1. This cross checking 
helps in confirming the methodology adopted for assessing the groundwater pumping 
and its subsequent usage in the next groundwater budget calculations which has 
been done using the well inventory method. 
6.1.2.2 Irrigadon Return Flow 
The plants and crops require only a part of the water, which is being pumped. 
A part of this water either evaporates or infiltrates to join the water table. The volume 
of pumped water, which rejoins the water table, constitutes the irrigation return flow. 
For example, rice cultivation requires large volume of water since it requires a few 
centimeters of standing water in the field and this results in a high return flow. 
Instances of more than 50 percent return flow has been reported (Jalota and 
V.K.Arora, 2002). The accurate assessment of the return flow requires special 
attention as it forms a major component of the water budget calculation using the 
DWTF method. The return flow component was not calculated for the fruit orchards 
as they are watered using the drip irrigation technique to avoid any irrigation losses 
and hence the return flow was taken as zero. Thus the return flow is calculated for 
paddy, vegetables and flowers. The irrigation return flow calculations have been 
done on a daily basis, which helps in taking account of daily contribution from 
precipitation as well as the evapo-transpiration losses. The water balance for a single 
day is given as: 
PG+P = ETR +RF+D+dw Equation 6-9 
Where PG refers to the pumping flows, P is the precipitation, ETR is the crop 
evapo-transpiration, RF refers to the return flow, D is the surface drainage or run off 
and dw refers to the change in ponded water depth or water storage in the soil 
profile. All measurements have been taken in mm per day. Daily pumping has been 
calculated according the daily pumping duration, which in turn depends on the daily 
crop water requirement.( 10 mm per day in Kharif and 15 mm per day in Rabi season 
for rice. 4.9 mm per day and 7.7 mm per day respectively for vegetables and flowers 
through out the year (Dewandel et al, 2007). Crop evapo-transpiration is calculated 
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using the FAO method (Allen et al., 1990). Runoff was supposed to occur when 
surface storage exceeded a water depth of 0.12 m for paddy fields and 0.02 m for 
vegetables and flowers. Downward soil water flux which could go beyond 0.4 m soil 
depth was considered as irrigation return flow and was calculated using the 
Buckingham, (1907) equation for one-dimensional flow with value of Ks (m/s), the soil 
hydraulic conductivity at saturation and K {&) (m/s) the unsaturated hydraulic 
conductivity of the soil with an average of 2.5 x 10'^  m/s for paddy field soils and 4.2 x 
10'^  m/s for other soils, (de Condappa, 2005).Due to the differences in pumping in 
the climatic conditions and the pumping flows, the irrigation return flow varies from 
one year to another (Table 6-2). 
The mean value of irrigation return flow coefficient calculated for the 
Maheshwaram watershed is about 48 percent. It is in accordance with the various 
studies, which have been carried out in South East Asia. It is about 51 percent in 
North India (Jalota and Arora, 2002). The evaluated return flow co-efficient for paddy 
is also in accordance with those evaluated by (APGWD, 1977). (60 percent for paddy 
in hard rocks). For vegetables and flowers the co-efficient of return flow is about 17 
percent, which is very close to the one proposed by CGWB, 1998, which was about 
20 percent. No data was available for domestic and poultry but since return flow 
exists in these cases as well a value of 20 percent was taken. 
Period 
June 02 -
June 03 
June 03 -
June 04 
}le 6-2 Se£ 
CRF\ 
Return flow 
Kharif 
40% 
51 % 
tsonal irrigal 
nRice 
Return flow 
Rabi 
44% 
48% 
tion return fic 
CRF in Vegetables+Flowers 
Return flow 
Kharif 
15% 
18% 
>w coefficient 
Return flow 
Rabi 
10% 
15% 
s (CRF~RF/PG 
CRF 
Return flow 
Kharif 
37% 
46% 
) for paddy 
Total 
Return flow 
Rabi 
38% 
42% 
fields (rice) < 
vegetables and flowers fields from June 2001 to June 2004. CRp_Total: according to all 
groundwater abstraction, i.e.: rice, vegetables, flowers, fruits, grapes, domestic and poultries 
The values of return flow co-efficient suggest that a large volume of pumped 
water returns to the aquifer. The only water which does not reach the aquifer is the 
one which evapo-transpirates from crops and soils. 
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6.1.2.3 Horizontal Flows across the watershed boimdaries 
In the Maheshwaram watershed, precipitation in the form of rainfall is the only 
source of recharge and the water table nnore or less follows the general topography 
of the area and the groundwater exchange along the limits is supposed to be 
negligible. However in the presence of available data the calculation of flows across 
the watershed boundaries have been done so as to avoid the contribution of any 
component in the total water budget estimates. In hard rock areas the aquifers have 
a very limited thickness (generally less than 100 meters) as they are formed by the 
insitu weathering of the country rock (Marechal et al., 2004b). Since in Maheshwaram 
the saprolite layer is dry and the permeability of the fresh basement is very low, 
groundwater movement occurs only within the weathered/fissured horizon. Inflows 
and outflows are dependant on the thickness of the weathered/fissured layer, the 
horizontal permeability of the layer and the local hydraulic gradient. Flows have been 
calculated using a finite difference element model in MODFLOW, in order to have a 
spatial distribution on a grid of square cells. Since the top of the fresh basement is 
already known from drill cutting interpretation and geophysical investigation 
(Dewandel et al., 2006), it was combined with the grid of the piezometric maps. 
Hydraulic potentials were applied on the four limits of the model far away from the 
watershed boundaries. Flows are then computed for a few days with an average 
horizontal permeability of 1x10"^  m/s (mean hydraulic conductivity of the 
weathered/fissured layer, Marechal et al., 2004a) and integrated according to the 
corresponding period. 
Hydrological 
year 
Season 
Qon 
Qoff 
Qon - Qoff 
June 02 to June 03 
Kharif [mm] 
1.1 
1.1 
0.0 
Rabi [mm] 
1.5 
1.8 
-0.3 
June 03 to -June 04 
Kharif [mm] 
0.7 
1.8 
-1.2 
Rabi [mm] 
1.6 
0.5 
1.1 
Table 6-3 Seasonal horizontal flows across the boundaries of the watershed (Qon: Horizontal In-
Flow, Qoff: Horizontal Out-Flow) 
Flows across the southern boundaries of the watershed are negligible which is 
attributed to the regional south-north gradient linked to the topographic slope. Flows 
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occurring along the eastern and west boundaries of the watershed are due to the 
hydraulic gradient created due to excessive pumping. Thus the final balance between 
the inflows and outflows are almost negligible (Table 6-3). As expected the inflows 
and outflows across this watershed, where the piezometric level is more or less 
parallel to the regional topography is negligible. Disturbances of natural flows by 
pumping do not cause much perturbation due to the fact that their effects statistically 
nullify each other in case of regular distribution. 
6.1.2.4 Evaporation from groimdwater table 
In arid areas, evaporation from pheratic aquifers is one of the main 
components of groundwater budget (Coudrain-Ribstein et al. 1998). Coudrain et al. 
(1998) have shown that evaporation from pheratic aquifers in arid zones is 
independent of the soil characteristics. They propose a relation for semiarid climatic 
conditions: annual evaporation flux is expressed as an Inverse power function of the 
water table depth below the surface, independent of the soil characteristics: 
E = l\.9z -1,49 Equation 6-10 
Where z: is the water table depth (m). 
In the study area, evaporation was calculated for both pre and post-monsoon 
periods using Equation 6-10 with corresponding water table maps. The values are 
weighted according to duration of both periods. The average evaporation value is 
about 1.7 mm/yr in two hydrological cycles, which is very less as compared to the 
other components of the water balance (Table 6-4). 
Hydrological year 
Season 
Seasonal Evaporation(mm) 
Annual Evaporation{mm/yr) 
June 02 to June 03 
Kharif 
0.5 
Rabi 
0.6 
1.1 
June 03 to June 04 
Kharif 
1.0 
Rabi 
1.3 
2.3 
Table 6-4 Seasonal evaporation from water table 
The low value of evaporation is due to high depth of water table in the study 
area. This is illustrated in Figure 6 5 where the evolution of evaporation with water 
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table depth shows that evaporation becomes significant (> 10 mm/year) for shallow 
aquifers only (water depth < 3.7 m). Water table fluctuations in Maheshwaram 
watershed during the three observation years ranges from 5 meters in post monsoon 
to 20 meters in pre monsoon season corresponding to an annual evaporation ranging 
between 0.8 mm/year and 6.5 mm/year. 
0,1 
Evaporation (mm/yr) 
1 10 100 1000 
0 
5 
£ 10 -': 
15 --
20 
25 — 
30 
Min depth 
Max depth 
Figure 6-5 Water table depth and the corresponding evaporation rates 
6.1.2.5 Water table fluctuation (Ah) 
The WTF method requires a very good knowledge of the piezometric level 
throughout the entire basin. This could be achieved owing to a very dense 
observation network (99 to 155 wells), provided mainly by defunct or abandoned 
agricultural bore wells. Sophocleous (1991) pointed out that the WTF method can be 
misleading if the water-level fluctuations are confused with those resulting from 
pumping, barometric, or other causes. Continuous monitoring of the water table using 
ten automatic water level recorders has shown, however, that barometric and earth 
tides do not affect this unconfined aquifer and care was taken to avoid any 
interference from pumping wells. No measurements were done in pumped wells and 
the rare cases of observed drawdown in the monitored wells due to interference by 
nearby pumping wells are never more than 10-20 centimeters, which is little 
compared to water table fluctuations at the seasonal scale (several meters). At the 
same time, the continuous monitoring of the water table contributes to determine the 
relevant time for piezometric campaigns. The water table maps have been made 
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using the kriging technique. The automatic interpolation technique gave satisfactory 
results owing to the very dense observation network and to the fact that there is no 
surface water capable of locally modifying the water table. The water table roughly 
follows the topographic slope, as is usually observed in flat hard-rock areas. 
However, local water table depletion is observed in highly pumped areas 
where natural flow paths are modified by ground water abstraction. The piezometric 
values lie between 613.5 to 618.6 meters for the watershed. (Table 6-5). 
Date 
June 2002 
November 2002 
June 2003 
November 2003 
June 2004 
able 6-5 Number of piezometr 
Number of Piezometers 
99 
107 
114 
155 
134 
Mean piezometric level (mts) 
613.5 
614.7 
610.3 
618.6 
613.5 
c observation and mean water table elevation of pre-Monsoo 
(June) and post-Monsoon (November) periods from 2001 to 2004. 
6.1.2.6 Specific yield 
Basin-wide effective specific yields obtained from equation 6-7 were 0.014 for 
both dry seasons (Table 6-6). Since these values reflect an effective basin-wide 
process, they are insensitive to local heterogeneities in the fractured rock aquifer 
system, in comparison with locally obtained values using lab samples or local aquifer 
testing, which are highly variable and relatively unreliable (Bardenhagen, 2000). 
Therefore, for water resource assessment at the watershed scale, this methodology 
for specific yield estimation is much better than the aforementioned punctual 
techniques The specific yield obtained is realistic for fissured granite and is of the 
same order of magnitude as values estimated at the sub-basin scale through global 
modeling (one value: 0.01, Engerrand 2002) and at the well scale using pumping 
data in the fissured layer itself (six values with an average of 6.3 x 10'^, Marechal et 
al. 2004). Higher values obtained with the water budget method can be explained by 
the fact that the upper part of the weathering cover (saprolite with specific yield much 
higher than in the fissured zone, Chilton and Foster 1995) can be partially saturated 
in some areas after monsoon, which increases the global storage at the watershed 
scale. Heterogeneity effects can also explain this apparent increase of Sy with scale. 
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Season 
Rabi 2003 
Rabi 2004 
Date 
Nov02-Jun03 
Nov03-Jun04 
[mm] 
37.9 
53.7 
[mm] 
99.3 
123.8 
[mm] 
0.6 
1.3 
^dry r)dry 
[mm] 
-0.3 
1.0 
Ah'"" 
[m] 
-AA 
-5.1 
Sy 
[-] 
0.0140 
0.0138 
Table 6-6 Groundwater budget during the Rabi seasons, estimat on of specific yield 
It is generally assumed that specific yield varies with depth-especially in hard-
rock aquifers where fracture density and porosity change with depth, namely 
between the different layers constituting the aquifer (Marechal et al. 2004, Dewandel 
et al. 2005a). Water budget results in 2002 and 2003 seem to indicate that the 
specific yield does not vary. In fact, the water table is located mainly in the fissured 
layer of the aquifer and water table fluctuations are small enough so that the water 
table remains in the same portion of the aquifer, characterized by a constant specific 
yield. 
6.1.2.7 Natural Recharge 
Monsoon 
Kharif2002 
Kharif2003 
Table 6-7 ( 
Date 
Jun02-
Nov02 
Jun03-
Nov03 
3round> 
[mm] 
31.0 
32.6 
water 
[mm] 
84.2 
70.8 
balance 
pwer 
[mm] 
0.5 
1.0 
during 
[mm] 
0.0 
-1.2 
monsoon se 
[m] 
1.2 
8.3 
asons. 
[mm] 
70.5 
156.5 
estimati 
Seasonal 
rainfall 
[mm] 
543 
824 
on of nat 
Rainy 
days 
43 
54 
jral re( 
(-) 
0.13 
0.19 
charge 
(^calculated using an average value of Sy = 0.014 in equation 6-8 
Groundwater recharge is the process where the surplus of infiltration over 
evapo-transpiration drains from the root zone and continues to flow downward 
through the vadose zone toward the water table, where it augments or replenishes 
the groundwater reservoir (Freeze and Cherry, 1979). Deep percolation in humid 
areas is mainly controlled by the potential precipitation surplus (rainfall minus 
potential evapo-transpiration), the infiltration capacity of the soil, and the storage and 
transport capacity of the sub-surface. In (semi-)arid areas, however, potential evapo-
transpiration on average exceeds rainfall, so that groundwater recharge particularly 
depends on rainfall events of high intensity, accumulation of rain water in 
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depressions and streams, and the ability of rain water to escape evapo-transpiration 
by rapid percolation through cracks fissures, or solution channels (de Vries and 
Simmers, 2002). Recharge accurate estimate is difficult especially in (semi-)arid 
areas where spatial and temporal variability of rainfall are high. 
The difference between specific yield during water table fall and tillable 
porosity during water table rise is due to the presence of entrapped air in pore 
spaces below the water table (Kayane 1983). Since entrapped air disappears with 
time by diffusion, the tillable porosity is a function of time and increases to reach the 
value of specific yield. In order to fulfill this constraint, in the study area, the 
measurements are made at mid-November, more than one month after the average 
peak of water level rise. It has been assumed that such time interval is sufficient to 
allow entrapped air to be evacuated, especially in a pumped aquifer where induced 
flows increase the air diffusion. Equation 6-8 was used to estimate natural recharge. 
In Table 6-7 the recharge is compared to precipitation during the monsoon 
(seasonal rainfall) between June and November. During both hydrological years of 
monitoring, the recharge coefficient ^ varies between 0.13 and 0.19. This is similar 
to recent results obtained in India under the same climate conditions for a coastal 
aquifer in Karnataka (0.13-0.24, Rao et al. 2004), an alluvial aquifer in Uttar Pradesh 
(0.06-0.19, Kumar and Seethapathi 2002) and the value assumed by CGWB (1998) 
for hard-rock aquifer (0.12). Its fluctuation, year to year, depends mainly on the 
intensity and temporal distribution of rainfall events during the monsoon. Notice that 
the recharge coefficient increases with the number of rainy days during the monsoon. 
Total recharge can be divided into three main components (Lerner et al. 
1990): direct recharge Rd indirect recharge /?, (percolation to the water table through 
the beds of surface-water courses, close to nil in the study area due to absence of 
water in surface streams) and localized recharge Ri (various-scales pathways such 
as those formed by shrinkage cracks, roots, and burrowing animals, trenches, 
dugwells, brick factories and caused by major landscape features (Gee and Hillel 
1988). 
In the WTF method for recharge evaluation, no assumptions are made 
concerning the mechanisms by which water travels through the unsaturated zone. 
Hence, the presence of preferential flow paths (indirect or localized recharge as 
defined above) within the vadose zone in no way restricts its application to evaluation 
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of total recharge. The estimated recharge flow includes all recharge types. 
Rangarajan and Athavale, 2000 have shown a linear relationship between direct 
recharge and seasonal rainfall in hard-rock regions of India. As a comparison, in 
various lithological and morphological contexts in South Africa, Botswana and 
Zimbabwe, the regional recharge is very low where rainfall is less than 400 mm/year 
(Selaolo 1998 cited in de Vries and Simmers 2002). This can be considered as the 
minimum rainfall required for recouping the soil moisture deficit in the vadose zone 
(Rangarajan and Athavale 2000). This means that significant recharge does not 
result from infrequent large events and that describing mean annual recharge, as a 
proportion of seasonal rainfall is valid in such a context. Inversely, such a statement 
cannot be made in a similar climatic context in South Africa, Botswana and 
Zimbabwe where recharge varies by a factor of up to 100 for the same seasonal 
rainfall (Selaolo 1998). 
6.1.3 Results of the groundwater balance in Maheshwaram watershed 
The groundwater balance for the Maheshwaram watershed for the year 2001-
2002, 2002-2003 and 2003-2004 has been given in Tables 6-8, 6-9 and 6-10 
respectively. It was seen that for the year 2001-2002 where the monsoon rainfall was 
about 789 mm, the total groundwater balance was negative. 780-800 mm rainfall 
during a given monsoon season is considered to be normal. 
Again for the year 2002-2003 when the monsoon was weak (approximately 
613 mm of rainfall) the total groundwater balance was again negative, however for 
the year 2003-2004 when the monsoon was above normal (889 mm), the total 
groundwater balance is positive. 
Though apparently it seems that the deficit of groundwater in a particular year 
due to weak monsoon can be compensated by a good monsoon in the coming year 
such that the overall groundwater depletion does not take place but the fact is that 
the frequency of good monsoon in these regions is once every 7 to 8 years as a 
result of which the groundwater levels are bound to decline. It is observed that even 
during a normal monsoon, the groundwater table may decline by 1 meter. 
Such a scenario has led to a situation where it has become almost essential 
for policy makers and planners to be equipped with predictive tools, which can guide 
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them to take further actions related to long term groundwater management with full 
confidence. 
Flows 
Recharge 
Return Flow 
Horizontal Inflows 
Pumping 
Evaporation 
Horizontal Outflows 
TOTAL 
Rainfall (Monsoon) 
Value (mm/year) 
97 
86 
3 
-190 
-3 
-2 
-9 
789 
Table 6-8 Annual water balance for 2001-2002 (Normal monsoon) 
Flows 
Recharge 
Return Flow 
Horizontal Inflows 
Pumping 
Evaporation 
Horizontal Outflows 
TOTAL 
Rainfall (Monsoon) 
Value (mm/year) 
70.5 
69 
-183.5 
•1.1 
-3.3 
-45.5 
613 
Table 6-9 Annual water balance for 2002-2003 (Weak monsoon) 
Flows 
Recharge 
Return Flow 
Horizontal Inflows 
Pumping 
Evaporation 
Horizontal Outflows 
TOTAL 
Rainfall (Monsoon) 
Value (mm/year) 
156.5 
86 
3 
-194.6 
-2.30 
-3.1 
45.8 
889 
Table 6-10 Annual water balance for 2003-2004 (Good monsoon) 
6.1.4 Discussions and Conclusions 
The "double water table fluctuation method" consists in the aggregation of dry 
and rainy season's water budgets. The annual groundwater balance has been 
calculated from June 2002 to June 2004. It has been illustrated in Table 6-11. 
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Year 
2002-2003 
2003-2004 
Annual 
Rainfall 
613 
889 
R 
(mm/yr) 
70.5 
156.5 
RFTOT 
(mm/yr) 
68.9 
86.3 
QTOT 
(mm/yr) 
183.5 
194.6 
ETOT 
(mm/yr) 
1.1 
2.30 
QonTOT- QofTTOT 
(mm/yr) 
-0.3 
-0.1 
BAL 
(mm/yr) 
-45.5 
+45.8 
Table 6-11. Groundwater balance during two hydrological cycles 
AhroT 
(m) 
-3.2 
+3.2 
Considered hydrological years show a respective deficit and excess of water 
due to discrepancies between annual rainfalls and a "normal" rainfall of about 740 
mm/year (average in Maheshwaram from 1985 up to now). Considering the 
uncertainty on the components of the budget, it suggests that the balance should be 
close to equilibrium for a "normal" rainfall. Historical water level data shows a global 
depletion of the aquifer at a rate of about one meter per year in pumped areas, 
confirming that the overexploitation threshold has been reached in such areas. 
Moreover, given the abstraction rate in the basin, any deficient monsoon (the 2002 
monsoon, for example) causes a significantly negative balance followed by a drop in 
the water table, which can be fully or only partially replenished by the next heavy 
monsoon. 
As pointed out by Bredehoeft, 2002, knowledge of natural recharge and 
groundwater budget is not sufficient for determining the size of a sustainable 
groundwater development. The important entity in determining how a groundwater 
system reaches a new equilibrium is a dynamic process involving dynamic relations. 
For example is the interaction of groundwater with surface water bodies. In the study 
area, at the present stage of water table depletion due to groundwater exploitation, 
such dynamic relations between ground and surface waters have disappeared and 
the present budget can be used as a first step towards water management. 
Nevertheless, if the drafts decrease, the water table will rise and the evaporation 
component will increase. In the same way, the rise of water table will induce 
reactivation of dynamic relations between ground and surface waters (springs base 
flows, interactions between water tanks and groundwater). Such dynamic aspects will 
have to be simulated by a groundwater model that can be built on the basis of 
storage properties (specific yield) and flow components identified here. 
The importance of irrigation return flow (RF) justifies the need for accurate 
techniques for its determination. Its relative importance will guide groundwater 
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sustainability solutions because any reduction in pumping triggers a corresponding 
reduction in ground water recharge fronn irrigation drainage. Regarding cropping 
pattern clianges, cfioices sfiould be guided by the same constraint: to halt water 
table decline beneath these groundwater irrigated areas, evapo-transpiration should 
be decreased. Therefore, sustainability (defined as stabilizing groundwater levels) 
begins not with reducing the pumping per acre, but rather with reducing the total 
acreage of irrigated land (Kendy 2003) or changing the cropping pattern in order to 
decrease the total amount of evapo-transpiration at the watershed scale. 
The advantage of the proposed method is that specific yield and recharge are 
estimated at the scale of interest to basin hydrologic studies and that the method 
requires no extensive in situ instrumentation network. This methodology enables to 
overcome the main limitation of the classical WTF technique, i.e. unknown specific 
yield, by determining it at the suitable watershed scale and within an acceptable 
range of uncertainty according to the available observation network. Obviously, the 
accuracy of the technique increases with the number of measurements on the water 
table. Therefore, this technique is well suited to developing countries and semiarid 
areas, where the presence of many agricultural dug wells and bore wells throughout 
a basin provides a high-density observation network. For economic reasons, it is 
important to optimize the amount of piezometric data needed to guarantee an 
acceptable accuracy in the application of this methodology. Therefore, a 
geostatistical approach combined with hydrogeological information must be used in 
order to assess the impact of observation well density reduction on water budget 
calculations and therefore optimize the density and observation well distribution. 
6.2 A geostatistical approach for optimizing piezometric network in 
groundwater budget estimation 
6.2.1 Introduction 
Groundwater levels or piezometric levels are extremely important parameter in 
the study of groundwater hydrology as it is the directly measured parameter and 
reveals numerous information about the aquifer's behaviour. The key to a successful 
budget estimation using WTF method depends on the representativeness of the 
piezometric maps of the area from which the water table fluctuations are calculated. 
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At the same time, this parameter is time dependent and highly variable in case of the 
over-exploited aquifers. Thus its measurements at many points as well as at close 
interval of time are required. However, numerous measurements require longer time 
and also the funds. Thus it is necessary to have a network of measuring wells that 
can provide necessary and sufficient information with desire accuracy from minimum 
numbers. 
Using the geostatistical tool of cross validation test the piezometric network 
has been optimized without affecting the sensitivity of the water budget analysis and 
its accuracy. This exercise is helpful in reducing the time and money involved in 
exhaustive piezometric surveys and also in upscaling to calculate the water budget of 
larger watersheds 
1 Kilometers 
Legend 
Abandoned Wells 
Pumped Wells 
"1 Watershed 
Figure 6-6 Study area with location of pumped borewells and abandoned wells used as 
piezometers 
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6.2.2 Methodology of piezometers ranking 
There are about more than 900 borewells in the Maheshwaram watershed of 
which about 200 is not in use (Figure 6-6). These abandoned borewells constitute a 
potential piezometers network and are monitored for making the piezometric maps as 
they are unaffected by the pumping. Since the budget calculation is based on the 
double water table fluctuation (Marechal et al. 2006), piezometric surveys are carried 
out twice a year in the pre monsoon and post monsoon seasons. The piezometric 
survey started from June 2001 onwards with a number of piezometers increased 
from 40 to 155. The objective of piezometers ranking is to optimize the monitoring 
network maintaining accuracy on the budget calculations. 
The first step was to select the seasons with the maximum number of 
piezometers monitored; June 2003 (114 wells), November 2003 (155 wells) and June 
2004 (134 wells) were selected. However, the piezometers were not the same every 
time but 90 were found common for all the three seasons. The three data sets were 
treated independently for geostatistica! analysis later. Variogrphic analyses were 
carried out by fitting the spherical model (Pannatier, 1996) with a linear drift on the 90 
selected wells. A linear drift was selected because the topography affects the values, 
with the water level closely following the topography. 
After a proper fitting of the experimental variogram with the model a cross 
validation test was performed. Cross validation is a powerful tool in Geostatistical 
estimation as basic development of geostatistical methods are based on the classical 
statistics where there are a number of assumptions that are difficult to check in 
practice. Thus Cross Validation test are performed before estimation by carrying out 
the estimation of known values at their respective location and then comparing the 
two corresponding values; estimated and measured. If the values at the majority or 
all the points are comparable, the variogram thus used are taken as final one 
otherwise the variogram is changed until the satisfactory comparison is obtained. 
However, in this case cross validation was carried out to assign a priority number to 
the piezometers in the selection process. 
Suppose there are 'n' number of data, according to the cross-validation 
technique, estimation is made by removing the first observation from the data set, 
and using the remaining data (n-1) and the specified algorithm to interpolate a value 
158 
at the first observation location. Using tine l<nown observation value at tliis location, 
the interpolation error is computed as 
Error = interpolated value - obsen/ed value 
Then, the first observation is put back into the data set and the second 
observation is removed from the data set. Using the remaining data (including the 
first observation), and the specified algorithm, a value is interpolated at the second 
observation location. Using the known observation value at this location, the 
interpolation error is computed as before. The second observation is put back into 
the data set and the process is continued in this fashion for the third, fourth, fifth 
observations, etc., all the way through up to and including observation n. This 
process generates n interpolation errors. The final result is a table with the x, y 
coordinates of the piezometer, the observed water level and the estimated water 
level using cross validation and finally the residual which is the difference between 
the observed and estimated values. 
This process was carried out for all the three data sets and based on the 
residual; a priority number was assigned to all wells. Therefore, the well showing the 
highest value of residual was given a priority of 1 and the well having the lowest 
value of residual was given a priority of 90. So a well having a priority of 90 will be 
the one showing the minimum difference between the observed piezometric value 
and the estimated piezometric value using cross validation and hence it can be 
removed from the monitoring network. Similarly a well having a priority of 1 will 
always be a part of the monitoring network because estimating its value by kriging 
will show a big difference from its observed piezometric value thereby affecting the 
mean piezometric level of the watershed. However one problem was encountered in 
this was that the priority of our monitoring network changed from the pre monsoon to 
the post monsoon and again the pre monsoon season because the cross validation 
depends on the variogram parameters which has been selected and the variogram 
parameters in turn depend on our data of the piezometric values and since the 
piezometric level is a dynamic parameter, the cross validation results for the three 
data set was not the same. To avoid this, the residual values obtained from the cross 
validation results for the three seasons were added up and divided by 3 to have an 
average residual and then a common priority was assigned to all the wells so that the 
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monitoring networl< remained the same for all the further calculations. It is also 
necessary to note that usual cross-validation test is initially performed to have a final 
and valid variogram reproducing the observed value and then the priority is decided 
on the validated variograms. 
Having assigned a common priority to the piezometers the next step was the 
calculation of the mean piezometric level for June 2003, December 2003 and June 
2004. 18 simulations were made for the three seasons starting from piezometric 
maps using 90 piezometers to 5 piezometers, each time removing the wells of lower 
priority in the steps of five. 
These values were incorporated for the calculation of the water budget and 
optimization of the monitoring network according to the sensitivity of the recharge, 
specific yield and annual balance values. 
6.2.3 Results 
Piezometric maps for June 03, December 03 and June 04 seasons were made 
using the network of 90 monitoring wells and then with 85, 80, 75 and so on 
depending on the priority assigned using the cross validation technique. The results 
are shown in table 6-12. The study area falls under the monsoon type of climate, 
which is characterized by a distinct rainy season lasting from mid June to mid 
October. This feature helps in dividing the hydrological year into two seasons, the 
post monsoon season which last from June to December and the pre-monsoon 
season, which lasts from January to May. Due to the rainfall events in the post 
monsoon season the water levels are higher as compared to the pre-monsoon 
season, which is deprived of any form of precipitation. 
Considering no rainfall from the month of December to June, the recharge 
component in equation 6-6 can be neglected and the value of specific yield is 
obtained. Once the specific yield is known the value can be used in the equation 6-8 
to calculate the recharge component in the wet season. The results of the calculation 
are given in the table 6-13. These results correspond to only one hydrological year 
from June 2003 to June 2004. A good rainfall in the 2003 monsoon season has 
resulted in a positive annual balance. Annual balance for the concerned watershed is 
the sum of the recharge (precipitation), horizontal inflows, and irrigation return flow, 
pumping flows, evapo-transpiration and the horizontal outflows. 
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No. of Wells 
90 
85 
80 
75 
70 
65 
60 
55 
50 
45 
40 
35 
30 
25 
20 
15 
10 
5 
lution of mean 
JuneOS 
609.50 
609.58 
609.55 
609.33 
609.16 
608.93 
608.70 
609.01 
609.20 
608.57 
608.61 
608.59 
609.01 
608.92 
608.42 
608.97 
606.44 
604.18 
piezometric 
DecOS 
618.48 
618.45 
618.51 
618.34 
618.37 
618.27 
618.11 
618.12 
618.48 
617.79 
617.85 
617.87 
618.42 
618.22 
617.22 
617.37 
615.19 
615.44 
evel while re 
June04 
613.48 
613.50 
613.37 
613.25 
613.19 
613.00 
612.67 
612.98 
613.33 
612.71 
612.75 
612.69 
613.16 
613.27 
612.34 
612.59 
610.44 
609.76 
moving differt 
piezometers for 1 Hydrological year 
No. of Wells 
90 
85 
80 
75 
70 
65 
60 
55 
50 
45 
40 
35 
30 
25 
20 
15 
10 
5 
Specific Yield 
1.41E-02 
1.42E-02 
1.37E-02 
1.38E-02 
1.36E-02 
1.33E-02 
1.29E-02 
1.37E-02 
1.37E-02 
1.38E-02 
1.38E-02 
1.36E-02 
1.34E-02 
1.42E-02 
1.44E-02 
1.47E-02 
1.48E-02 
1.24E-02 
Recharge 
166.53 
166.33 
162.82 
164.79 
165.25 
164.88 
161.98 
164.96 
166.99 
167.80 
167.76 
166.34 
166.09 
172.42 
167.06 
163.73 
169.72 
179.71 
Annual Balance 
55.93 
55.73 
52.22 
54.19 
54.65 
54.28 
51.38 
54.36 
56.39 
57.20 
57.16 
55.74 
55.49 
61.82 
56.46 
53.13 
59.12 
69.11 
Table 6-13 the Specific Yield, Recharge and Annual Balance calculated using different number 
of piezometers 
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Figure 6-7 shows the position of piezometers in the watershed according to 
their priority and figures 6-8, 6-9, 6-10, 6-11, 6-12 and 6-13 show the piezometric 
contours for the June, 2003, December 2003 and June, 2004 before and after 
optimization of the piezometric networl<. 
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Figure 6-7 Map showing location of the rani^ ed piezometers 
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Figure 6-8 Piezometric map for the watershed using 90 Piezometers (June, 2003) 
Legend 
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Figure 6-9 Piezometric map for the watershed using 50 Piezometers (June, 2003) 
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Legend 
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Figure 6-10 Piezometric map for tlie watershed using 90 Piezometers (December, 2003) 
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Figure 6-11 Piezometric map for the watershed using 50 Piezometers (December 2003) 
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Figure 6-12 Piezometric map for the watershed using 90 Piezometers (June 2004) 
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Figure 6-13 Piezometric map for the watershed using 50 Piezometers (June 2004) 
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6.2.4 Discussion 
By eliminating the wells of least priority as determined by cross-validation the 
accuracy of the budget calculation is maintained as well as the density of the 
monitoring network can be decreased to a considerable extent thus saving time and 
money for such piezometric surveys. 
Graphs 6-1 and 6-2 show a comparison of the specific yield, recharge and the 
annual balance calculated using different number of piezometers. Graph 6-1 shows 
the value of specific yield and recharge vs the number of wells and it is seen that the 
values remain quite constant even when the piezometric network is reduced to 45 
wells. From graph 6-2 it can be concluded that reducing the piezometric network from 
90 to 50 wells can give almost the same results hence the number of piezometers to 
be monitored every season can safely reduced from 90 to 50. 
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85 
Recharge - • - Specific Yield 
Graph 6-1 Recharge (in mm) and specific yield versus number of wells 
It is important to know the position of the wells that have been selected by 
optimization, i.e. their position with respect to the pumping areas or the geology has 
been analyzed. In general, areas of high pumping should show a much higher 
variation in the water-level fluctuations as compared to areas with no or minimal 
pumping. Based on the annual pumped volume of water, grids of 500 m by 500 m 
166 
were made and the volume of water abstracted in each grid was calculated (Figure 6-
14). 
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Graph 6-2 Annual balance (in mm) versus the number of wells 
There was no value for cells that did not contain any pumping wells, and also 
no data are available for cells outside the watershed. The entire watershed has been 
categorized into five classes of pumping: very low, low, moderate, high, and very 
high pumping. 
The number of piezometers in each of the pumping categories was counted starting 
from 90 piezometers to 45 piezometers, and the corresponding numbers in each of 
the pumping categories was expressed as a percentage and have been presented in 
the form of a bar graph (Graph 6-3). This graph gives an overview of the relation 
between the pumping zones and the position of the piezometers necessary to be 
monitored in each of the categories. 
The findings are in accordance with the optimization as the maximum number 
of piezometers has been removed from low pumped areas and there is no change in 
the number of piezometers to be monitored in the highly pumped area even when the 
piezometers are reduced from 90 to 50 by optimization. 
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Figure 6-14 Map showing the distribution of the pumping categories in the watershed and the 
location of the piezometers. 
B 90 wells 
Ea 60 wells 
@ 85 wells 
m 55 wells 
n 80 wells 
IS 50 wells 
m 75 wells 
• 45 wells 
• 70 wells a 65 wells 
,1 
•i 
jil-
Very Low (0-50000 ) Low (50001-100000) High (150001-200000) Moderate (100001-
150000) 
Annual volume of pumped water (cubic meter per year) 
Very High (200001-
450000) 
Graph 6 3 Percentage of piezometers in the different pumping categories from 90 to 45 wells. 
Ninety wells have been taken as the standard and their distribution in each of the pumping 
category has been represented in the form of percentage. Then the distribution of piezometers 
in each pumping category has been calculated by removing 5 wells every time according to the 
well priority established using cross-validation 
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In a situation when tlie above metliodology is to be applied to another 
watershed, it is advisable to have a detailed investigation of the land-use pattern of 
the area so as to demarcate the zones of high pumping. The zones of high pumping 
will be closely following the agricultural land, especially if there is some paddy 
cultivation in the given area. The density of piezometers in these zones should be 
higher as compared to the zones of low pumping. Care should be taken that during 
the first piezometric set of measurements in a watershed the piezometers should be 
evenly distributed throughout the area with high density in the pumped zones. If it is 
further required, the piezometric data could be geostatistically analyzed to optimize 
the monitoring network for the subsequent years, in other words selecting the 
piezometers that have a higher priority and discarding the others, thereby reducing 
the time and cost involved in the subsequent surveys. In addition to the cost-
effectiveness the optimal network also ensures the minimum time required monitoring 
this time varying parameter and then it becomes logical to assign the values to a 
particular time. 
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CSAPTSST 
7. Conclusions and recommendations 
The apparent heterogeneities and complexities present in the hard rocl< aquifers 
makes it a challenging research to tackle groundwater problems. The intricacy increases 
manifold for the management of groundwater when the hard rock aquifers are situated in 
arid or semi-arid regions. Thus groundwater management becomes utmost important in 
areas of hard rock aquifers with semi-arid climates as the entire stress is put on the 
groundwater due to absence of perennial source of surface water. Maheshwaram 
watershed of Rangareddy districts in Andhra Pradesh is one of such areas. The study 
area represents most of the aquifer system found in the region or rather in the 
peninsula. The study area is highly over-exploited but free from any industrial pollution. 
Therefore, to tackle the groundwater problems systematically, the research has been 
focused on fully understanding the aquifer system both in terms of structure and 
functioning, characterize the flow parameters and prepare as well as analyse the 
groundwater balance for a long term and sustainable management of groundwater in the 
study area and similar approaches could be applied to other similar regions. 
A through study starting from the genesis of the host rock forming the aquifer 
system, their detailed structures controlling the flow, generation of the secondary 
porosity through fracturing and fissure/jointing processes and then followed by the 
weathering process of the variable degree have been attempted. Detailed investigations 
using geological methods of mapping the structures, mineral distribution etc and an 
exhaustive mapping of weathering profile clubbed with the geophysical investigations 
available have provided a clear and comprehensive conceptualization of the aquifer 
system in the study area as well as in such a region. The aquifers are found in two 
successive layers based on their changing hydraulic properties but continuous ones 
without any separating impervious layers. Thus while preparing the numerical model one 
may either use two simultaneous aquifer layers with varying hydraulic characteristics or 
consider the entire aquifer as a single system in three dimensions with varying hydraulic 
properties in the vertical direction as well. 
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A major part of the work is devoted on the analysis of various methods, both 
classical and modern available to interpret various types of the hydraulic tests in such an 
aquifer system. The applicability of different methods has been verified and specific 
methods of evaluating aquifer parameters in such aquifers are established. A large 
variety of hydraulic tests have been carried out that includes Specific capacity tests, slug 
tests, pumping tests of long as well as short durations, injection tests, to determine the 
hydraulic properties and their distribution as well as variability. 
With the eventual objective of the groundwater management in the area global 
water balance and budget have been prepared. For this exercise, all the components 
involved in the water balance belonging to both surface and subsurface were 
established and defined. All components have been estimated using most of the 
information available and attempts have been made to avoid ad-hoc assumptions that 
hitherto used in the existing methodologies of the estimations. For example, the rainfall 
recharge to aquifer has been estimated using various methods and particularly dividing 
the water cycle into two different seasons using the monsoon nature of rainfall prevailing 
in India. This method ensures the removal of uncertainties and errors in the estimation of 
the Specific yields. The groundwater draft/withdrawal has been estimated by a number 
of approaches including land-use map obtained from the satellite data as well as the 
ground information by cent percent well inventories and also the crop requirement 
infonnation. Evaporation and Irrigation return flows were estimated using latest 
approaches. 
Another important part of this study has been the use of exhaustive piezometric 
survey for groundwater levels in the aquifer. But since the groundwater levels are time 
varying, a new methodology was developed to obtain the number and location of optimal 
piezometric network with the help of Geostatistical methods. The new approach of 
detemiining the optimal piezometric network has been based on not only the 
piezometric levels but also on the value of the Specific yield as well as the groundwater 
balance. The approach has been tested for a fairly long period of three hydrological 
cycles. 
The development of methods and estimation of various water balance 
components will be crucial input to the numerical model for the aquifer as a predictive 
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tool and also are used in designing an important tool, Decision support Tool (DST) that 
on one hand is useful to the decision makers for planning and on the other hand provide 
the farmers a detailed knowledge of the system behaviors following their fanning 
practices that helps introducing any change required for sustainable management of the 
groundwater resources. 
Contrary to expectations, hydrogeologists are still poorly equipped to accurately 
estimate the total recharge rate of aquifers. This is due to the diversity of recharge 
mechanisms (direct recharge, indirect and localized recharge: infiltration in streambeds 
and ponds, irrigation return flow, etc, but also to the strong temporal variability of 
recharge, as a function of climatic variations. The method able to estimate recharge with 
the least uncertainty is still the one where a groundwater flow model is fitted on the 
piezometric records and withdrawal/discharge data, even if this fitting is uncertain and 
can be done by calibrating parameters other than the recharge. More work is required to 
improve recharge estimates. It is important to draw attention to an attitude very common 
in the hydrogeological community, which is to say that an aquifer is "overexploited". 
Again and again, observing that the water levels in an aquifer are dropping regularly, 
hydrogeologists will say that the aquifer is "overexploited". This word should be used 
more carefully. The decline of the water level is not enough to qualify an aquifer as 
overexploited. In purely natural conditions, an aquifer receives recharge from 
precipitation and discharges this water at its natural outlets: a spring, a river, a lake or 
the sea. As soon as exploitation by artificial withdrawal starts, the water levels begin to 
decline, generally indicating that less water is lost to the natural discharge zones and 
that the water stored in the aquifer is put to work. Using the storage is one of the 
benefits of groundwater exploitation: it is available all year round and in particular during 
the summer, when water is needed, and recharge is nil. It is therefore very important to 
precisely define what "overexploitation" means; declining water levels are simply an 
indication that the aquifer is exploited, but not necessarily that it is "overexploited". 
Three clear signs indicate overexploitation: 
i. When the low water levels in the aquifers cause a deterioration of the water 
quality, as in the case of seawater intrusion in coastal aquifers. 
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ii. When the water stored in the system is too low to average out recharge 
fluctuations over several years: it is then no longer possible to keep a quasi-
constant rate of withdrawal, regardless of the value of a given year recharge, 
and the water demand has to be regulated by the annual recharge, not the 
long-term average recharge. This makes the economic and social system 
much more fragile and prone to crisis. 
ill. When the water level Is so low, that some parts of the aquifer are dry (or the 
aquifer is not permeable enough at these depths to be exploitable by wells), 
creating new social inequalities between users: some farmers can still exploit 
the resource, whereas others are deprived of its benefit. Alternatively, the 
water level is so low for all users that it is no longer economical to pay the 
pumping costs for irrigation. This economic limit is considered today to be 
reached when the dynamic water level in wells is deeper than 100 to 200 m. 
At the present time, it seems that the hard-rock aquifers in semi-arid zones in 
India are approaching real overexploitation, mainly due to reasons (ii) and (ill), i.e. 
insufficient storage to cope with annual recharge variations, and unequal access to 
water. These reasons argue for regulation of the resource exploitation before the onset 
of crisis situations. Development of a user friendly Decision Support System that could 
be used by the farmers or farmer's representatives is becoming essential. 
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